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NOTICES

This documenprovides information to states and tribes authorized to establish water
guality standards under the Clean Water Act (CWA), to protect aquatic life from toxic effects of
aluminum Under the CWA, states and tribes are to establish water quality critpriatéct
designated uses. State and tribal decision makers retain the discretion to adopt apjmataches
are scientificallydefensible hat differ from these criteri@ reflect sitespecific conditions
While this document contairiee Ehvironmental Pra c t i o n  ARAgscienyfié s ( E
recommendations regarding ambient concentratioatuafinumthat protect aquatic lifeéhe
Aluminum Criteria Documendoes not substitute for the CWAtie EPA s r egul ati ons;
a regulation itself. Thushe docurent doesiot impose legally binding requirementstoe
EPA, states, tribes, or the regulated community, and might not apply to a particular situation
based upon the circumstancése EPAmayupdatethis document in the future. This document
has been appved for publication by the Office of Science and Technology, Office of Water,
U.S. Environmental Protection Agency.

Mention of trade names or commercial products does not constitute endorsement or
recommendation for use. This document can be downldaoied
https://www.epa.gov/wqc/aquatiie -criteriazand methodstoxics



https://www.epa.gov/wqc/aquatic-life-criteria-and-methods-toxics

FOREWORD

The Clean Water Act (CWA)e&gtion 304(a)(l) (P.L. 9217)directsthe Administrator of
the Ervironmental Protection Agend¥PA) to publish water quality criteria that accurately
reflect the latest scientific knowledge on the kind and extent of all identifiable effects on health
and welfare that might be expected from the presence of puiutaany body of water,
including groundwater. This document ifireal ambient water quality criteria (AWQC)
documenfor the protection of aquatic life based upon consideration of all available information
relating to effects ohluminumon aquatic orgnisms

The termWaterQuality Criteria is used in two sections of th&\@\, Section304(a)(l)
and Sction 303(c)(2). The term has differenéaningsn each section. I&ection304, the term
represents a neregulatory, scientific assessment of ecololgisal human healtéffects.

Criteria presented in this document are saishientific assessmeanf ecological effectdn
section 303if water quality criteria associated with spec#igface wateuses are adopted by a
stateor the EPAas water qualitgtandards, they becorttee CWAwater quality standards
applicablen ambient waters within that state or authorized thater quality criteria adopted
in state water quality standards could have the same numerical vateesrasnendedriteria
develogd under section 304. However siomesituations states might want to adjust water
quality criteria developed under section 304 to reflect laeibr chemistry or ecological
conditions Alternatively, stateand authorized tribamaydevelopnumericcriteriabased on
other scientifically defensible methqdmit the criteria must bgrotective of designated uses. It
is not until their adoption as part of state water quality standandissubsequent approval the
EPA undersection 303(c)that criteria lecomeCWA applicable water quality standards
Guidelines to assist the states amthorizedribes in modifying the criteria presented in this
document are contained in the Water Quality Standards Handbook (U.2HEBA

This documenpresents recomemdationsnly. It does not establish or affect legal rights
or obligations. It does not establish a bindiaguiremenand cannot be finally determinative of
the issues addresséthe EPA will makedecisions in any particular situation by applying the
CWA andthe EPA regulations on the basis of specific facts presented and scientific information
thenavailable.

DeborahG. Nagle
Director
Office of Science and Technology
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EXECUTIVE SUMMARY

The U.S. Environmental Protection Agen&P@) is updatingts aquatic life ambient
water quality criteridAWQC) recommendatiofor aluminum,in accordance with the provisions
of section304(a)directingthe EPAto revise AWQC from time tme to reflect the latest
scientific knowledge. Theecommendedluminum aquatic lifAWQC were developed using
peer reviewed methods and data that are acceptable for the derivation of estlsrribed in
theE P A 60 s nQuidedires for Deriving Nummesal National Water Quality Criteria for the
Protection of Aquatic Organisms and Their Us€Stephan et al. 198Beferred tchereinas
fA1985G u i d e)l Tihexpeesiausaquatic lifeAWQC for aluminum veredeveloped in 1988
(EPA 440/586-008). These2018final recommendedquatic lifeAWQC for aluminum
supersedes the 1988commendedriteria

The 2017raft aquatic life AWQC for aluminum eveposted to the Federal Register
(Docket ID: EPAHQ-OW-20170260 in late July 2017 for public comment. The public
comment period was open for 90 days and closed in late October 2017. Public comments
receivedwereincorporated and addressed irghfinal AWQC, where applicableThe EPA
responses to all of the public comments can be fouride website for the alumima criteria

(https://www.epa.gov/wgc/aquatiife -criteriasaluminun).

Literature searches for laboratory tests published from 1988 i@éxitified new
studies describing the toxicitf aluminum to aquatic lifeThe EPAsupplemented thestudies
with additional data made available by researchela&017 and 208. The EPAconducted a
full evaluation of available data to determine test acceptability for criteria development.
Apperdix A of fiQuality Criteria for Water 1986 (U.S. EPA 1986) provides an-aepth
discussion of the minimum requiremefds data qualityneeded to develop AWQfor aquatic
life.

This updatdo therecommendedluminum aquatic life AWQ@stablishes freshwext
criteria magnitudealuesresulting from the interactioredf aluminumandthree watechemistry
parameterspH, total hardness, and dissolved organic carbon (D@@lsoexpands the toxicity
database to include those studieaducedin waters withpH values below6.5. There were
insufficient data to establish an estuarine/maailieninum criteria.

Multiple linear regression (MLR) models were developed to characterize the

bioavailability of aluminum in aquatic systentimsed on the effects of ptdtad hardness and

Xi
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DOC onaluminum toxicity(DeForest et aR018,b). Theseauthors used datasetomprised of
22 chronic tests with the fathead minnd®niephales promeldsand 23 chronic tests witn
invertebrate Ceriodaphnia dubipto evaluate the aliy of MLR models to predict chronic
toxicity of aluminum as a function of plhtal hardness and DO®Water chemistrgonditions.
These three parameters aomsideredo be the most influential for aluminum bioavailability
and can be used to explain tla@ge ofdifferences in the observed toxicity valu€éhese
datasets were supplemented®018with an additional nin€. dubiatoxicity tests andhine P.
promeastoxicity tests to expand the range of water chemistry conditions for model development
(OSU 2D18a,hd). All of the toxicity test data used in the model were subjected to independent
external expert peer review.

Two models, one for invertebrates and one for vertebrates, were used to normalize
freshwater aluminum toxicity values. These separate Imederespond to effects on
invertebrates and vertebrates due to differing effects ofqibl,hardness and DOC on
aluminumbioavailability andoxicity, and thereforenablethe criteria magnitudes to be
calculated as function of the unique chemistrgraditions at givensite. The EPAconducted
both independent external expert peer review and internal revietvwssef models, published by
DeForest et a2018ab), to verify the results. Thepdatedaluminum criteria were derived using
theseMLR modelsto normalize the freshwater acute and chronic toxicity ddta.MLR
equations applied to the acute toxicity data were those developed using chronic tests, with the
expectatiorthat the effect of water chemistry on bioavailability remains consistentsacros

exposure duration.

Freshwater Criteria Update

The 1988 aluminum freshwateriteria(U.S. EPA 1988are expressed as total
recoverable aluminum.dd soluble aluminumvas considered but not used because the methods
were not developed.hese update@018criteriaarealsobased ondtal recoverablaluminum
concentrations

The 1988 criteria did not consider the variable effects of water chemistry on aluminum
toxicity, but simply specified that the recommended criteniky applied to a pH range of 6.5 to
9.0. The 2018 final aluminum recommended AWQC take into account the effects of pH, total

hardness and DOC on aluminum toxicity.

Xii



The 1988 freshwater acute criterimas basedn data fromeight species of invertebrates
and sevepecies of fish for a totalf 15 species grouped into 14 genera. This@fdéshwater
acutecriterionupdate is based atata froml13 species of invertebratesightspecies of fish, and
one species of frog for a total 22 species grouped in@0 genera.

The freshwater acuteitarion representshe concentration of aluminuatwhich
approximately 95% of genera irffreshwater aquatiecosystenshouldbe proteatdif the one
hour averagéduration)concentration ofotal aluminums not exceedethore than once ithree
years(frequency) The magnitudeof the criteriondepends on the water chemistry conditions
the waterbodyusingthe MLR models to normalize thieeshwatemacute toxicity data. As a
result, theacute criteriorwill vary with water chemistry conditionExampleacutecriteria
valuesfor various water chemistry conditioagepresented if\ppendix K (Recomranded
Criteria for Various Water Chemisti@onditiong and carmalsobe catulated with the Aluminum
CriteriaCalculator V.2.6.

The 1988 aluminum fresater chronic dataset included twpecies of invertebrates and
one fish speciegrouped into thregeneraThis 208 criteriaupdate includes neshronicdata
for an additionahine species, and consists@fhtinvertebrate anébur fish species grouped
into 12 genera. With the addition of one study fréyppendix H (Other Data on Effects of
Aluminum to Freshwater Aquatic Organigmthie Minimum Data Requirements (MBRor
direct calculation (using a sensitivity distribution, as described i©t9B8Guidelines) of the
Final Chronic Value (FCV) were fulfilledrhis method does not require treewf an acute to
chronic ratio (ACR)

Like the acute criterion, the freshwater chronic critersoalso dependemn thewater
chemistryof the waterbody. Therefore, it is aladunction of the MLR models used to normalize
the chronic toxicity date&Example chronic critea (CCC) for various water chemistry conditions
arepresented ippendix K (RecomrandedCriteria for Various Water Chemisti@onditiong
and can ao be calculated with the Aluminum Criteria Calculator V.2.0.

Theempiricaltoxicity testdataused to develop the MLR models were developed under a
range of water chemistry conditio(fer more detail, se8ection4 of this document) The MLRs

were then used to normalize all of the toxicity data used in the criteria calculdidRsnodels

! https://www.epa.gov/wgc/aquatiife -criteria-aluminum
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are useful for characieing trends in data, but should be used with caution when extrapolating
beyond the range of dat@ed for model development.

Thebounds forpH of the models ranged from 68)7. The EPA criteria calculator is
designed to allow the user to extrapolate beyond the pH values used to generate the MLR
models. The criteria calculator can be used to addiessters within a pHtange of 5.0 to 10.5.
This is reflected in the criteria lookup tablesAippendix K. The EPA took tis approach so that
the recommended criteria can be calculated for, and wl@tectve of, a broader range of
natural watergound in the U.S. Extrapolated criteria values outside of the empirical pH data
tend to be more conservative (i.e., lower values) and will be more protective of the aquatic
environment in situations where pH playsritical role in aluminum toxicity. Criterizalues
generatedutside of the range of theH conditions of the toxicity tests underlying the MLR
modelsare more uncertaithan values within the pH conditions of the MLR toxicity tests, and
thus should beonsidered carefully and used with caution.

Thebounds fottotal hardness dhemodelsranged fronB.8to 428 mg/L.Sincea
decreasén total hardness tends itcreasealuminum toxicity the EPAconcludes that it is
reasonable to extrapolabelowthelower bound of thempiricalhardness dataf 9.8 mg/L to
enable generation of more styant criteria at low hardnesses. This is consistent with existing
EPA approaches taddressow end hardness values (U.S. EPA 200 herefoe, hardness input
values inthe criteria calculator can be entered that are less than 9.8 mg/L down to a limit of 0.01
mg/L. However,hardness input values into the criteria calculatdrbe bounded at the
approximate upper limit of the empiriddlLR modes 6 under | yiapaganadmuchne ss d
of 430mg/L total hardness (as Cag)OThe user can inputardnessalues greater than 430
mg/L for total hardnes#nto the criteria calculatohut the criteriamagnitudewill reach its
maximum valueat430mg/L total hardness (as Cag)Candcriteria magnitudewill not increase
or decrease by increasing the hardness abovengB0total hardnesgs CaC@). This is also
consistent with existing EPA guidance on high end hardness caps (U.S. EBAT209
recommendatiors reflected in theriterialookup tables provided iAppendix K. The EPA
took thisapproacho ensurghat the recommended criteageprotectiveof a broader range of
natural watergéound in the US. Criteria valuesgeneratedbeyond thdower bound ofthe
hardness conditions of the toxicity testglerlying the MLR modelare more uncertaithan

valueswithin thehardnes®¥ounds of théVILR toxicity testdata

Xiv



Thebounds foDOC of the modelsanged fron0.08 to12.3mg/L. Sincemost natural
waters contain some DO@ye lower bound of the empirical toxicity test data (0.08 miy/the
lowest value that can be entered into the criteria calculfiios no extrapolation below the
lowest empirical DOC of 0.08 mg/L is provided. Semito hardnesghecriteria values
generateavill be boundedat the upper limit of the empiricMMLR model® under | yi ng
data, ab maximuml2.0 mg/L DOC in the criteria calculatofhe user can inpl@OC values
greater thari2.0 mg/L into the calculeor, but the criterianagnitudewill reach its maximum
valueat12.0 mg/L DOC, andcriteria magnitudewill not increase or decrease by increasing the
DOC above 12 mg/L. Thislimitation on the maximum DOC valug also reflected in the
criterialookup tdles provided irAppendix K. This is consistent with the existing approach for
hardness (U.S. EPA 2@pto provide for protection of aquatic organisms through the use of
protective, conservative values underevathemistry conditions beyond the upper limits of the
empirical toxicity test data.

In addition toAppendix K look-up tablesthe EPAcreated a usdriendly Aluminum
Criteria Calculator V.2.0 (Aluminum Critefa Calculator V.2.&lsm) that allows users to enter
site-specific values for pH, total hardness and DOC to calculate the appropriate recommended
freshwater acute and chronic criteria magnitudes forspigeific parameters and will generate

criteria magrtude values based on the bounds described above.

2018 RecommendedAluminum Aguatic Life AWQ C and the 1988 Criteria®

Freshwater Acute | Freshwater Chronic
(2-hour, (4-day,
Version total aluminun) total aluminun)
2018 AWQC ) b b
(vary as a f unROCiamd totaldvdrdness) 1-4,800pg/L 0.633,200pg/L
1988 AWQC
(pH 6.51 9.0, across atiotal hardness and DOC ranges) 750 pg/L 87 pg/L

#Values are recommended not to be exceeded more than once every three years on average.
® Criteria \alues will bedifferent under differing water chemistry conditions as identified in this docyment
described in Appendix K arapplied inthe Aluminum Criteria Galculator

Estuarine/Marine Criteria Update
As withthe 1988 AWQC for aluminum, there are still ingti#fnt dataon estuarine and
marine speciew fulfill the MDRs asspecified inthe 1985Guidelines As a resultthe EPA

cannot recommenctiteria forestuarine/marineatersat this time. Thd985Guidelines require
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that data from a minimum of eight fdes are needed to calculate an estuarine/marine Final
Acute Valug(FAV). New acute toxicity data fdive families representinfive species of
estuarine/marine organisms are available for aluminum; no data were previously available. The
most sensitive gries was the polychaete wor@t¢nodrilus serratuswith a Species Mean

Acute Valug(SMAV) of 97.15 pg/Ltotal aluminum and the modblerant species was a
copepodNitokra spinipeywith a SMAV of 10,000 pg/L. Nacceptablacutetess on
estuarine/manefish species were available. There are no estuarine/marine chronic toxicity data
for fish or other generthat meet the test acceptability and quality assurandejualitycontrol
(QA/QC) principles as outlined in thiE985Guidelines.Thus acute and cbnic duminum

toxicity data for estuarine and marine species remain a data gap
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1 INTRODUCTION AND BACKGROUND

The United States Environmental Protection Agency (E#3#gblishesational
recommendedmbient Water Quality Criteria (AWQQ)s authorizednde section 304(a)(1pf
the Clean Water Act (CWA). Section 304(a)(1) aquatic life criteria serve as recommendations to
states anduthorizedribes by defining ambient water concentrations that will protect against
unacceptable adverse ecological effectsaoatic life resulting from exposure to pollutants
found in water consistent with the 1985 Guidelin&ection 304(a) recommendeguatic life
criteriaare developed to provider the protection and propagation of fish and shellfish. Once
the EPApublishes finalsection304(a) recommended water quality criteria, states and authorized
tribes may adopt these criteria into their water quality standards to protect designated uses of
water bodiesStates and authorized tribes may adopt water quality critexiaeflect
adjustmentsttheE P A0 s r e c seation80A(a aitdria to reflect local environmental
conditions and human exposure patterns. Alternatively, states and authorized tribes may derive
numeric criteria based on other scientificalgfensibé methodshat protect thelesignated use
After adoption, stateand authorized tribesubmit new and revised water quality standards
(WQS) tothe EPAfor review and approval or disapprowaider CWAsection303(). When
approved byhe EPA the stater authorized tribé s WQ S theagplicabke WQS for CWA
purposes. Such purposes include identification of impaired waters and establishiraat of
Maximum Daily Loads TMDLSs) under CWAsection303(d) and derivation of water quakty
based effluent limitons in permits issued under the CV&action402 National Pollutant
Discharge Elimination System (NPDES) permit program.

As required by the CWAhe EPAperiodically reviews and revisesction304(a)
AWQC to ensurehe criteraaccurately reflecthe lgest scientifiknowledge The EPA
previously publishedWQC recommendationfor aluminum in 1988 (EPA40/586-008), and
is updating these criteria through its authority ur@érA section304(a) Water quality cteria
are developed following the guidanoutlined in th&aPAS6 BGuidelines for Deriving Numerical
National Water Quality Criteria for the Protection of Aquatic Organisms and TheirdJses

(Stephan et al. 198%herein referred to abeil985Guideline®). This document describes

2 https://www.epa.gov/wgc/nationetcommendedvaterquality-criteriaaquaticlife-criteriatable
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scientificallydefensible water quality criteria values for aluminum pursuant to Géé¢fion

304(a),derived utilizing best available data in a manner consistent withd@®&Guidelines

2 PROBLEM FORMULATION

Problem formulation provides a strategic framework to dewetater quality criteria by
providing an overview of a chemical s sources
environment, and toxicological characteristics and factors affecting toxicity. A problem
formulation uses this information to develop a coteajpmodel and identify the most relevant
chemical properties and endpoints for evaluation. The structure of this effects asséssment
alumirumis consistent witltheE P A Gusdelinesfor Ecological Risk AssessmégtS. EPA
1998). This ecological effds assessment describes scientificdéfensible water quality

criteria values for aluminum und&WwWA section304(a)(1).

2.1 Overview of Aluminum Sources andOccurrence

This ction provides an overview af/ailablereliable information from the peer
reviewd literaturethat characterizesources and occurrence of aluminum in the environment.
Aluminum is the third most abundant element and the most common metaHarthiscrust,
comprising abougightpercent of the lithosphere (CRC 2000). It is typic&iynd in
complexation with oxygen (as oxides) and silica (as silicates), but rarely in the elemental state
(Greenwood and Earnshaw 1997). Aluminum is found in most rocks, particularly igneous rocks,
containingaluminosilicateminerals (Staley and Haupi®92), and associated with clays and
soil/sediments. Different water column forms include monomeric, polymeric, particulate
(suspended) and colloidal forms of aluminum. lons such as chloride, fluoride, nitrate, phosphate
and sulfate form soluble complexegmaluminum, as do fulvic and humic acids (U.S. EPA
1988).

Aluminum enters the aquatic environment from both natural and anthropogenic sources
with natural sources typically dominating occurrence (Lantzy and MacKenzie 1979). This is due
to the abundanacaf aluminum in rocks and minerals released by weathering (Lee and Von
Lehmden 1973; Sorenson et al. 1974). Other natural aluminum sources include volcanic activity
and acidic spring waters (USGS 1993; Varrica et al. 2000).

Anthropogenic releases are parity associated with industrial processad anclude air

emissions, wasteater effluent and solid waste (ATSDR 2008). Anthropogenic sources include



fossil fuel combustion, aluminum production (mining and smelting) and aluminum present in
fertilizers usedn agriculture (Lantzy and MacKenzie 1979; Lee and Von Lehmden 1973; Ondov
et al. 1982; Que Hee et al. 1982). Alum (potassium aluminum sulfate), used as a coagulant to
clarify drinking water and wastewater, can also be a source of alumirtbiswfater s

discharged to aquatic systems (Gidde et al. 2012).

A common source of aluminum in freshwater systems is from the mobilization of

aluminum from rocks and soils by acid precipitation, heavy rains, or snowBjerkifeset al.

2003). For estuaries and oosathe primary source of aluminum is from riverine discharges,

with the majority of the introduced aluminum sorbed to the surface of clay particles in estuarine
sediments (Hydes and Liss 1977). However, aluminum that is either bound to clays or
complexedo dissolved organic carbon can be converted to the reactive species upon mixing
with high pH and high salinity ocean wateBjgrkneset al. 2003; Rosseland et al. 1998; Teien

et al. 2008). The mechanism of this conversion is not well understood.

Aluminum is still actively mined in the U.S. from bauxite, the primary aluminum ore
(mainlyin Arkansas), with approximately 2 million metric tons produced in 2014. This raw
domestic feedstock, plus imported bauxite and recycled aluminum, are currently pratessed
nine U.S. smelters into refined produdssdy 2015; USGS 2013). Becaudfeoal umi nu mod s
properties (light weight, resiste@to corrosion, electrical conductivity, and durabiljty)has
many diverse uses including: the transportation industry (autitesphirplanes, trucks, railcars,
marine vessels, etc.); packaging (cans, foil, etc.); construction (windows, doors, siding, etc.);
consumer durables (appliances, cooking utensils, etc.); electrical transmission lines; and
machinery (USGS 2013). Aluminuis also used in wastewater treatment to reduce effluent
phosphorus levels (Tchobanoglous et al. 2003) and in the pharmaceutical industry in antacids
and as a food additive (Government of Canada 1998).

TheWater Quality DatdPortal fttps://www.waterqualitydata.ysé an extensive

database of environmental measurements available to identify concentrations of chemical
contaminants, including aluminum, in surface waters such as rivers and streams. Tharessults
reported in filtered and unfiltered categories. The terms filtered, dissolved, unfiltered, and total

and their relationshipss defined byhe U.S. Geological SurveWEGS, arepresentedbelow.

ADi ssolvedo refers to bLosetutuent s Ritlatacwaeedzor s &

pertains to constituents in a water sample passed through a filter membrane of specified pore


https://www.waterqualitydata.us/

diameter, most commonly 0.45 micrometer or less for inorganic analytes. Therefore, for
interpretation, the filtered sangd(prior to acidification)will be assumed to be dissolved
alumi num. fATotal 0o pertains to the -suspendedi t uent
sediment sample. This term is used only when the analytical procedure includes an acid digestion
procedure that ensures measurement of at least 95 percent of the constituent present in both the
dissolved and suspended phases of the sample. Therefore, for interpretation, the unfiltered
samplesareassumed to bital recoverable aluminum

Aluminum data fo freshwater systems were obtained from the Water Quality Data Portal
(accesse@/16/17) for data representing years 1991 to 2017. A total of 848&sce water
samples were collected (4,991 filtered samples and 2,492 unfiltered samples) in that timeframe
and analyzed for dissolved atadal aluminum respectively. The range of concentrations
reported for dissolved aluminum was 0.8 pg/L to a maximum concentration reported of 20,600
Mg/L. The range ofotal aluminumconcentrations across all sites was aimirm of 0.9 pg/L,
with a maximum reported total concentration of 210,000 pg/L. Groundwater concentrations of
dissolvedaluminum(filtered using a 0.4&icrometeffilter) from theUSGSNational Water
Quality Assessmerirogram(NAWQA) database collected dog 19922003 are presented in

Figure 1, and haca 90" percentile concentration dissolved aluminum concentratioof11

Mg/L.
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Figure 1. Geographic Distribution of DissolvedAluminum Concentrations in Groundwater
Collected from Wells as Part of the National WaterQuality Assessment Program, 1992
(ZA(\))?oft.e et al. 201lused with permission

Aluminum concentrations in marine and estuarine waters are generally lower than levels
found in freshwater systems, especially compareatidimpacted areas (Gensemer and Playle
1999).Data for dssolved aluminunin coastal and marine watexgrecompiled from the
scientific literature by Angel et al. (201&hdindicate that concentrationsnge from 0.5 to 2
Mg/L in coastal waters, and from 0.008 to 0.68 pg/L in the open ocean. Other researchers have
al so reported that values are generally 01 Og
Liss 1977; Tria et al. 2007At the typical oceapH of 8.08.3, aluminunforms complexesvith
hydroxide ion, primarily as Al(OH) which precipitateout of solution This largelyexplains the
low concentrations in marine waters

Much of theearly tomid-1970smetals data in samples from natural wasees
considered erroneously high due to contamination from sampling methods or containers. These
flaws were corrected with the implementation of clean sampling techniques and guidance
provided by U.S. EPAOGs Method 168aELYtEPSWagp | i ng



Quiality Criteria Levels (U.S. EPA. 2004). This method was desitmsedpport water quality

monitoring programs authorized under the Clean Water Act, specifically created for measuring

toxic metals at the low paper-trillion to low partperbillion range(U.S. EPA 1996)
Averageconcentrations abtal aluminumn the atmosphere were observed to range from

0. 005 t o°(HpffmhrBet a. 969INPotzl 1970; Sorenson et al. 1974). These

concentrations are dependent on the location, weather conditions and industrial activity in the

area with most of the airboréuminum present in the form of small suspended particles of soil

(dust) (ATSDR 2008)It should be noted that aluminum concentrations in air samples are often

dependent upon the aluminum levels of the entrained soil particles, especially if measured as

total aluminumGoncharuk et al. (2012) sampled sea aerosols from the lower portion of the

troposphere in the Black Sea (282208), the Caspian Sea (202Q06), the Baltic Sea (2001

2008), the White, Barents and Kara Seas (Z80®/7) and highaltitude ardt regions in the

Arctic and South Atlantic OceanAir samples were collected aerosol filtes for 3 to 5 hours

during headwind conditions in the direction of atmospheric phenomenon. Most reported

atmospheritotal aluminumconcentrations were less than & 3 Thenauthors noted that the

lowest concentrations were found at the kadfitude northern arctic regions, with increasing

levels observed for the Westernchic seas, and the highest concentrations reported for the most

southerly located Black @nCaspian Seas. They suggested that this northern to southern

increasing concentration trend could be due to differential anthropogenic loading to the

respective watdnodies and also with the increasing emissions of domestic and industrial

wastes, wasteater, and emergency discharges of toxicants. Urban and industrial areas can have

higher atmospherital aluminumc oncentr ati ons with | evlels repo

(Cooper et al. 1979; Dzubay 1980; Kowalczyk et al. 1982; Lewis and Macias 1980; Moyers et al.

1977; Ondov et al. 1982; Pillay and Thomas 1971; Sorenson et al. 1974; Stevens et al. 1978).
Total alumnum concentrations in North Atlantic precipitation collected in 1988 ranged

from 6.1 to 827 e€g/L (Lim and Jickells 1990).

rainfall from two Mexico locations: a rural forested region 80 km south and dowmivind

Mexico City and Mexico Citytself (Garcia et al. 2009). Averagetal aluminunprecipitation

concentrations reported in 2Re.7uegl Lareaarelo

observed in the urba#2s&r daSang&Rof Wet deppditian, range

collected in semrural Dexter, Michiganhad an averag®etal aluminumconcentration of 57



eg/ L (Landi s and Keel etotal dnthanpere fddodanirainfalb wer | ev
samples collected in Japan during 2000 ar@220here average concentrations ranged from 2.71
to 6.06 eg/L (Takeda et al . 2000; Vwuai and To
rain and snow) samples col | ect e dotalalumitume U. S.
(Dantzman and Breland®Z0; DOI 1971; Fisher et al. 1968; USGS 1964). No available
information was found reporting concentrations of aluminum in fog.

Due to the abundance of aluminum in the ea
widely from approximately 700 mg/kg to ovE00,000 mg/kg (Shacklette and Boerngen 1984,
Sorenson et al. 1974), averaging 71,000 mg/kg (Frink 1996). These concentrations are generally
dependent on local geology and associated vegetation types and can vary within the same area,
often strongly correlad with its clay content (Ma et al. 199Tptal aluminumconcentrations in
1,903 soil samples collected from the continental U.S., Hawaii, Virgin Islands, Guam and Puerto
Rico ranged from 500 to 142,000 mg/kg (Burt et al. 2003). In streambed sedimpldssam
collected from locations in the conterminous U.S. from 1992 to 1996, aluminum concentrations
ranged from 1.4 to 24 (by weigh) (Rice 1999). Marsh/estuarine sediment samples collected
from nine sampling sites wi tahnidn McrQuaeleonndogs QGesdra
Fort Pul aski 6 s, aNaitmarsh ecadysteiaa alumimaneancentrations
ranging from 17 t@20mg/kg dry weight (Kumar et al. 2008).

Aluminum may form a precipitatehen aluminurrrich water meets less acidic water
This precipitate mixreferredto as a floc, maincludeotherco-precipitatedons, as well as
nutrients suspendedhateriab andmicroorganismsRemoval of phosphorus from water has been
observed in laboratory studies (Auvraya et al. 2006; Gilmore 200@eglan 1975; Minzoni
1984; Peterson et al. 19M/estholm 2006) and in lake field studies (Knapp and Soltero 1983;
Pilgrim and Brezonik 2005; Reitzel et al. 2005). Turbidity due to clay has been removed from
pond waters using aluminum sulfate (Boyd 1918)z and Davis (1973)ypothesizedhat
aluminum floc might coalesce bacteria and concentrate organic matter in effluents, thus assisting
the biological sorption of nutrients. Aluminum sulfée alum)has been used to flocculate algae
from water (McGarry970; Minzoni 1984; Zarini et al. 1983).

2.2 Environmental Fate and Transport of Aluminum in the Aquatic Environment

Aluminum (CAS Number 74290-05) is a silver white, malleable, and ductile metal that
is odorless, and has a molecular weight of 26.98 g/mt#®B 2008). It has a density of 2.70



g/cn?, a melting poinbf 66(°C, a boiling point of 2,32TC, a vapor pressu@ 1 mm Hg at

1,284C, and is insoluble in water (CRC 2000; HSDB 2008). Toetanol/water partitioning
coefficient (Ky), organiecarbon nomalized partition coefficient()¢) , and Henr yos
constant for aluminum are unknown.

The chemistry of aluminum in surface water is complex because of the following
properties: 1)t is amphoteric, meaning it is more soluble in acidic solutions abdsit
solutions than in circumneutral solutions; 2) specific ions such as chloride, fluoride, nitrate,
phosphate and sulfate form soluble complexes with aluminum; 3) it can form strong complexes
with fulvic and humic acids; 4) hydroxide ions can conneatnaum ions to form soluble and
insoluble polymers (e.g. gibbsite, corundum); and 5) under at least some conditions, solutions of
aluminum in water approach chemical equilibrium rather slowly, with monomeric species of
aluminum transforming into insolubpolymers which precipitate out of solution over time
(Angel et al. 2016; Campbell et al. 1983; Hem 1968a,b; Hem and Roberson 1967; Hsu 1968;
Roberson and Hem 1969; Smith and Hem 1972).

Aluminum exists as inorganic, monomeric specie§(AI(OH)**, Al(OH),*, Al(OH)s,
and Al(OH)), as amorphous Al(OH)eading to gibbsite formation and precipitation, and as
polynuclear species such as the tridecameriggdlynuclear species (Gensemer and Playle
1999).The chemistry of aluminum in aquatic environmentsoiiplex, and several
comprehensive reviews on its biological effects have been published (e.g., Driscoll and Schecher
1988; Gensemer and Playle 1999; Gostomski 1990; Havas 1986a,b; Havas and Jaworski 1986;
Howells et al. 1990; Lewis 1989; Lydersen anddref 2002; Rosseland et al. 1990;

Scheuhammer 1991; Sigel and Sigel 1988; Sparling and Lowe 1996a; Sposito 1989, 1996;
Wilson 2012; Yokel and Golub 1997). Effects on the aquatic community and considerations for
criteria development are addressed below.

Aluminum from both natural and anthropogenic sources is transported by several means.
Natural aluminum transport mechanisms include rock and mineral weathering, volcanic activity
and acidic spring waters (USGS 1993; Varrica et al. 2000). Anthropogenic seleclsee air
emissions, effluent dischargers and solid waste leaching. Aluminum is transported through the
atmosphere as windblown particulate matter and is deposited onto land and water by wet and dry

deposition. Atmospheric loading rates of aluminurhake Michigan have been estimated at 5



million kg/year (Eisenreich 1980), and at 0.1 §ear on Massachusetts Bay (Golomb et al.
1997).

Factors such as pH, temperafued presence of complexing ions influence the fate and
transport of aluminum in thenvironmentOf primary importance to understanding aluminum
fate and behavior are its interactions with pH (Sgere 2). At neutral pH, aluminum is nearly
insoluble, but its solubility increases exponentiallyteespH reaches either acidic (pH<6) or
basic (pH>8) conditions (Gensemer and Playle 1999)H values between 6.5 and 9.0 in fresh
water, aluminum occurs predominanittysolutionas monomeric, dimeric, and polymeric
hydroxides and as complexes wiithvic andhumic acidschloride,phosphate, sulfate, and less
common anionsThe Ks, (solubility product) of aluminum hydroxidgibbsite)ranges from 1.06
x 10% (Gayer et al. 1958) to 3.7 x 10at 25C (CRC 2000). Thus, aluminum hydroxide is
insoluble ompared to the more soluble salts used to determine aluminum toxic effect levels to
aquatic species (aluminum chloridg,k 2.04 x 106, aluminum nitrate K=2.16 X 16, and
aluminum sulfate K,= 6.92 x 16) (CRC 2000).
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Aluminum solubility increaseat lower temperatures and in the presence of complexing
ligands (both inorganic amatganic) (ATSDR 2008; Lydersen, 1990; Wilson 2012). These two
characteristics are significabécause episodic acidic pulses in stredorsexampleduring
winter snowmelt, maximethe solubility of aluminunif pH drops to 5.5 or lowefSchofield
1977; Wison 2012), and therefore may mobilize aluminum.

In the early 1980s the impacts of acid rain and aluminum toxicity were observed in
aquatic and terrestrial environments in specific regions of the U.S., most notably in the
northeastern part of the countmpere aquatic systems had limited buffering capacity to prevent
pH changes. Researchers observed that aluminum can be a major factor responsible for the
demise of biotic communities since the toxicant becomes more soluble and potentially more

toxic to aquéc biota at acidic pH (Gensemer and Playle 1999).

2.3 Mode of Action and Toxicity

Aluminum has no biologically important functions or beneficial properties to aquatic life,
and is therefore considered a ressential metal (Eichenberger 1986; Exley 2003; Uiothwu
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et al. 2012; Williams 1999; Wood 1984, 1985). It has been identified aadke of harmful
effects on fiskand wildlife, but is not a known teratogen, carcinogen or mutagen (Leonard and
Gerber 1988). The specific mechanisms of aluminum toxiciggtatic organisms have been
investigated extensively for fish and to a lesser extent for aquatic invertebrates.

For invertebrates, it is postulated that aluminum disrupts concentrations of specific ions,
primarily resulting in a loss of sodium (Hornstrotraé 1984). Elevated levels of aluminum
affect ion regulation and the respiratory efficiency of sensitive species (Sparling and Lowe
1996a). Havas (1985) found that aluminum interfered with salt regulat@aghnia magna
which caused a reduction in wkdody sodium and chloride concentrations, resulting in death.
In addition, aluminum has been shown to increase respiration, and thereby energy demands
among mayfly species (Herrmann and Arsden 1986).

For fish, the gill is the primary site of aluminuoxic action, resulting in ionoregulatory,
osmoregulatory and respiratory dysfunctidhe gill is the primary site of aluminum toxicity
under either acidic or alkaline conditions (Wilson 201R)deracidic conditions, aluminum
disrupts the barrier propees of the gill epithelium by binding with functional groups at both the
apical gill surface and intracellularly within the lamellar epithelial cells (Exley et al. 1881).
reduced pH (<6.5), aluminum will accumulate on the gill surface resulting sigathglamage to
the epithelial cells that subsequently causes a loss of plasma idn€(INaeduced ion uptake
and gas exchange. At alkaline pH (>8), the negatively charged aluminate anion dominates which
also disrupts gill function, but to a lessegokee due to the lack of binding of the aluminate anion
to the negatively charged gill surfadéde subsequent necrosis of the epithelial cells causes a
loss of plasma ions (NaCl), reduced osmolality and gas exchange, and if severe enough, the
death ofthe fish (Dietrich 1988; Dietrich and Schlatter 1989a,b; Leivestad et al. 1980; Mallatt
1985; Muniz and Leivestad 1980a,b; Rosseland and Skogheim 1984, 1987). Mitigation of these
toxic effects was observed with moderate concentrations of calcium (Browb)18&h
concentrations of humic acids (Baker and Schofield 1982; Driscoll et al., E3&Dhigh
concentrations of silica (Birchall et al. 1989). Fish in low pH waters with high aluminum
concentrations will accumulate aluminum on the gill surface (Rasdedt al. 1990). Bjerknes et
al . (2003) observed el evated aluminum concent
Atlantic salmon $almo salay associated with ruptured atria, which the authors suggested may

have resulted from hypercapnia (abnormelvated carbon dioxide levels in the blood) caused
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by circulatory distress from the clogging of gills with alumindrhe specific mechanisms of
aluminum toxicity at alkaline pH are not well understood.

In laboratory toxicity tests, organisms are exposeda mixture of dissolved and
particulate aluminum depending on how long the acidic aluminum stock solution has been
allowed to equilibrate prior to dosing the organisms (Angel et al. 2QM&). time (minutes) as
the aluminum from the stock solution egiiites with the test water and the pH increases, the
monomeric species of aluminum transform to the ndatyned insoluble polymeric hydroxide
species, which are more toxic (Cardwell et al.80Thus, soon after test initiation, there is a
transformatiorperiod of rapid speciation changes from shiegd transient amorphous and
colloidal forms of aluminum (from minutes to a few hours) to more stable crystalline forms that
can take days to form (Gensemer et al.80Aged stock solutions (aluminum soluts that
have been given sufficient time (i.Bqurs to days) to form more stable forms of aluminum)
have been shown to be less toxic than those that are not aged (Exley et al. 1996; Witters et al.
1996).Unfortunately, many studies included for critesterivation did notlescribe stock
solution age prior to test initiation, and this variable therefore cannot be factored into the toxicity
assessment.

Several inestigators have found different trendghe toxicity of aluminum under
different pH conditios, and toxicity of aluminum appears to be lowestaitralpH
(approximately 7)with toxicity tending to increase with either increasing or decreasing pH
(above and beloweutralpH). Freeman and Everhart (1971) found thati¢tieal time to 50% of
therainbow troutdecreased (i.e., was more toxic) as the pH increased from 6.8 to 8.99 when
rainbow troutwere exposeth flow-throughteststo the same nominal (unmeasured) aluminum
concentrationThey concluded that soluble aluminum was the toxic fétomte et al. (1980)
observed the same relationsbipncreasing toxicitywvith rainbow trout over a pH range of 7.0
to 9.0 in chronicstatic renewaloxicity studies (also nominal aluminum exposures). Call (1984)
conducted measured static acute toxicity stdigh fathead minnows at pH of 7.@hd 8.05
and showed a slight increase in toxicity at increasedHaiiever, in anothemeasured static
acute toxicity study witta different species, rainbow trout, Call (1984) found a decrease in
toxicity as pH increasdfor the studies conducted at pH 7.31 and 8Thus, generallymost
studies show that aluminum toxicity increases as pH increases in the range of approximately 7.0
to 9.0.

12



Regarding toxicity at low pH-reeman and Everhart (1971) also observed traayre
toxicity at acidic pH 6.52n static renewal tests with rainbow trolit a measured static acute
toxicity study with rainbow trout by Call (1984), tests were conducted with pH measurements of
6.59, 7.31 and 8.17. The greatest toxicity was observbe aicidic pH of 6.59. The tests
conducted by Freeman and Evert{af71)and Hunter et a[1980)werestaticrenewal or flow
through and showed the lowest acute values. Thettioough and renewal tests are considered
to beamore reliablavay to canduct toxicity tests for aluminunbecause the dosed chemical is
more likely to remain in solution at the desired concentration, and less likely to drop below
nominal levels due to precipitation and/or adherence to test vessel surfaces. In addition, because
the polymerization of aluminum hydroxide is a relatively slow process, the chemical form of
aluminum might have differed from test to test due to the amount of time the aluminum was in
stock and test solutions.

The influence of pH on aluminum speciation @sdociated toxicity taquatc organisms
is readily apparerdnd highlights the importance of pH control during toxicity tests. Depending
on the pH at test initiation, the greatest potential for pH drift would be static exposures, followed
by staticrenewéand finally flow-through studies. All of the studiesaluatedor criteria
derivation reported pH, and most included the standard deviation of the measurements, thus
providing a rough estimate of pH drift during the exposure. Only selected studiesehowe
described pH drift for individual tes{e.g., ENSR 1992c,d; European Aluminum Association
2009.

Driscoll et al. (1980jestedpostlarvae of brook trout and white suckers under slightly
acidic conditions and concluded that only inorganic forms ahaum were toxic to fish.
Hunter et al. (1980) reported that the toxicity of test solutions was directly related to the
concentration of dissolved aluminum that pass

In dilute aluminum solutions, formation of particksd the large insoluble polynuclear
complexes known as floc is primarily a function of the concentration of organic acids and the
hydroxide ion. Time foparticle formation varies from less than eanmute to several days
depending upon the source of alaom (i.e., aluminum chloride, aluminum nitrate), the pH and
the presence of electrolytes and organic acids (Snodgrass et al. 1984). When particdas form
aggregate large enough to become visible, the fladite in color, and tends to settle. Mats of

aluminum floc have been reported blanketing a stream bed (Hunter et al. 1980). Laboratory
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studies conducted at alkaline pH levels have reported floc in the exposure chambers (Brooke
1985; Call 1984; Lamb and Bailey 1981; Zarini et al. 1983). The floc didpymear to affect
most aquatic species. However, the swimming abilipabhnia magnavas impeded by
Afi berso of flocculated aluminum trailing fro
feeding of midges also was affected, ultimately resultirdeath (Lamb and Bailey 1981).
Bottomdwelling organisms may be impacted more by aluminum floc in the field than in the
laboratory due to the greater floc layer thickness observed in the field relative to laboratory
exposuregU.S. EPA 1988), but this willso depend on the wateglocity and mixing in both
the field and the laboratary

Aqudic plant toxicity to aluminum can lependent on the speciation of aluminum
which is controlled by pHn a study otcell growth rateof the green algaChlorella
pyrenoidosato aluminun, Helliwell et al. (1983) found thatecreased cell growttccurred in
the pH range of 5.8 to 6.2. This is near the pH of minimum solubility of aluminum and
maximum concentration of Al(Okf). They found that the toxicity of aluminunecteased as pH
increased from 6.2 to 7 or as pH decreased from 5.8 to 4.7, and they hypothesized that the
monovalent hydroxide is the most toxic form.
hydroxides (Al(OHJ? and Al(OH)") are regarded as the moshdarous forms, while
organically bound aluminum and polymeric form
However,onestudyfoundalgae productivity and biomasgereseldom affected if the pH is
above 3.(Sparling and Lowe 1996a\luminum and aciddxicity tend to be additive to some
algae when the pH is less than 4.5. Becallsminumbinds with inorganic phosphorus, it may
reduce the availability of this nutrient thereby reducing productivity (Sparling and Lowe 1996a).
As shown inAppendix E andAppendix H, the effects of aluminum on algae productivity and
biomass are dependent on the pH, total hardness and DOC of the exposure solutions.

2.3.1 Water Quality ParametsrAffecting Toxicity

Bioavailability of aluminum is affected by water chemistry paramesiech as pHtotal
hardness and DQ@nd to a lesser extent fluoridehe pH of waters affects aluminum speciation
and solubility. Aluminum casorbto dissolved orgaic carbon (DOC)such as humic and fulvic
acids, and form organic aluminum complexes. An increaB¥i@ in waters reduces the
bioavailability of aluminum to aquatic organisms as a result of this binding (Wilson 2012).
Hardness also has an effect on thedity of aluminum, as the cation Rlcompetes with other
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cations present in water such as calcium fCfar uptake Gensemer and Playle 199%he
observed effect abtal hardness may be due to one or more of a number of usually interrelated
ions, sub as hydroxide, carbonate, calcium, and magnesium. Acute tests were conducted at four
different levels of watetotal hardness witlCeriodaphnia dubigENSR 1992d), demonstrating
that daphnids were more than 138 times more sensitive to aluminum in softheet in hard
water Appendix A Acceptable Acute Toxicity Data of Aluminum to Freshwater Aquatic
Animalg. Data inAppendix A also indicag that aluminum was more toxic Baphnia magna
brook trout, and fathead minnows in soft water than in hard water. In contrast, no afgtatent
hardnesgoxicity relationship was observed for rainbow trout exposed to three diftetaht
hardness levslat a controlled pH of 8.&{ndersen et al. 1994)his is consistent with data
recently published by DeForest et (@018a) and Gensemer et.§2018) demonstrating that
there is a reduced effect wital hardness at elevated pH levels

Development othe BioticLigandModel(BLM -f or mer I 'y t he fAg-i | | mo d
parameter linear regression models in recent years were intended to better account for the water
chemistry parameters that most strongly affect the bioavailability, and hence toxiongtadé
to aquatic life. The BLM, a mechanistic model that uses a series of submodels to quantify the
capacity of metals to accumulate or bind to active sites on the gills of aquatic organisms,
estimates the bioavailable portion of dissolved metals in gterveolumn based on sispecific
water quality parameters suchps$, hardnessandDOC (McGeer et al. 2000; Meyer et al. 1999;
Pagenkopf 1983; Paquin et al. 1999; U.S. EPA 1999a, 2000). Multiple linear regression (MLR)
models are statistical in natunedecanalso take into account plgtal hardness and DOC. While
MLR models are less complex than BLM models, they also estimate the bioavailability of
aluminum to aquatic specieBhe EPAevaluated the use of empirical, Agrechanistic MLR
models for alummum (DeForest et a2018) as a bioavailabiliybased approach for deriving
water quality criteria as well as a BLM model for aluminum (Santore et &) 20atethatthe
aluminum BLM developed by Santore et al. (2018) differs feamier BLMsfor othermetals,
because¢healuminumBLM accounts for the dissolved and precipitated fractibaluminum.
Previous BLMdor other metals only account for the dissolved fraction of the metal.

The EPAdecided to use an empirical MLR approach in this aluminunrierisgdate
rather than a BLM model due to: 1) the relative simplicity and transparency of the model, 2) the

relative similarity to the available BLM model outputs, and 3) the decreased number of input
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data on water chemistry needed to derive criteriaffgrent sites. An external peer review of an
approach using a pH amatal hardness equatidmased criteria, an MLR approach, and a BLM
approach for aluminum criteria development was conducted in 201faeanckviewers'
comments were considered in geection of the MLRbased criteria approachhe EPA
independently examined and verified the quality and fit of the DeForest 208a) MLR

models before applying them in this criteria document.

2.4 Conceptual Model

Conceptual models consist of a writtegsdription and diagram (U.S. EPA 189&at
illustrate the relationships between human activities, stressors, and ecological effects on
assessment endpoints. The conceptual model links exposure characteristics with the ecological

endpoints important for anagement goals.

2.4.1 Conceptual Diagram

Aluminum can originate from both natural and anthropogenic so(lteetzy and
MacKenzie 1979)The environmental fate properties of aluminum indicate that
weathering/erosion, volcanic activity, runoff/leaching, grouathwrecharge, spray drffom
aluminumcontainingpesticidesand atmospheric deposition represent potential transport
mechanisms of aluminum to surface water habitats for aquatic orgg$I®BR 2008) These
transport mechanisms are depicted in theceptual model below for natural (i.e., weathering
and erosion, volcanic activity) and anthropogenic sources of aluminum to the environment (i.e.,
wastewater treatment, resource extraction, smelting/manufacturing operations, agricultural uses
and fossil fuecombustion) Figure 3). The model also depicts exposure pathways for biological
receptors of concern (e.g., aquatic animals) and the potential attribute changes (i.e., effects such
as reduced survival, growth argproduction) in the receptors due to aluminum exposure. A
solid line indicates a major pathway and a dashed line indicates a minor patloaatic
assessmentddresexposure primarily through anthropogenic releases, runoff and atmospheric
deposition.

The conceptual model provides a broad overview of how aquatic organisms can
potentially be exposed to aluminum. Derivation of criteria focuses on effects on survival, growth
and reproduction of aquatic organisms. However, the pathways, receptorsrianteathanges
depicted inFigure 3 may be helpful for states and authorized tribes as they adopt criteria into

standards and need to evaluate potential exposure pathways affecting designated uses.
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Figure 3. Conceptual Model for Aluminum Effects on Aquatic Organisms.
(Dotted lines indicate exposure pathways that have a lower likelihood of contributing to ecological effects).
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2.5 Assessment Endpoints

Assessment endpoints are defined as xipiat expressions of the environmental values
to be protected and are comprised of both the ecological entity (e.g., a species, community, or
other entity) and the attributes or characteristics of the entity to be protected (U.S. ERA 1998
Assessmentrelpoints may be identified at any level of organization (e.g., individual, population,
community). Inthe context of the CWA, aquatic life criteria for toxic substances are typically
determined based on the results of toxicity tests with aquatic orgafismaich adverse
effects on growth, reproduction, or survival are measured. This information is aggregated into a
genussensitivity analysis that characterizes an impact to the aquatic community. Criteria are
designed to be protective of the vast mayooit aquatic animaiaxain an aquatic community
(i.e., approximately the $5percentile ofyenera based dested aquatic animals representing the
aguatic communityper the 1985 Guidelines recorandations(Stephan et al 1985Assessment
endpoints consient with the criteria developed in this document are summariZeabile 1.

The concept of using laboratory toxicity tests to protect North American bodies of water
and resident aquatic species is based on #w\ttthat effects occurring to a species in
controlledlaboratory tests will generally occur to the same species in comparable field situations.
Since aquatic ecosystems are complex and diversified98&Guidelines require acceptable
data be availabltor at least eight genera with a specified taxonomic diversity (the standard
eightfamily minimum data requirement, or MDR). The intent of the efghtily MDR is to
serve as a typical surrogate sample community representative of the larger and genehally m
more diverse natural aquatic community, not necessarily the most sensitive species in a given
environment. For many aquatic life criteria, enough data are available to describe a sensitivity
distributionto represent the distribution of sensitivitiesnatural ecosystems. In addition, since
aguatic ecosystems can tolerate some stress and occasional adverse effects, protection of all
species at all times and pladesot deemed necessamhe intent is to prote@pproximately95
percent of a group afiverse taxawith special consideration given to acgmmercially and
recreationally important speci€Stephan et al 1985Thus, if properly derived and used, the
combination of a freshwater or estuarine/marine acute and claqueatic lifecriteriashould

provide an appropriate degree of protection of aquatic organisms and their uses from acute and
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chronic toxicity to animals, toxicity to plants, and bioaccumulation by aquatic organisms
(Stephan et al. 1985).

Table 1. Summary o Assessment Endpoints and Measures of Effect Used in Criteria
Derivation.

Assessment Endpoints for the Aquatic Measures of Effect

Community

Survival, growth, and reproduction of For acute #ects: LGo, EGso

freshwater fish, other freshwater vertebrate| For chronic effects: Efg, MATC (only used when

and invertebrates an EGo could not be calculated for the genus)
ECyp(for bioaccumulativeeompounds)

Survival, growth, and reproduction of For acute effects: L&, ECso

estuarine/marine fish and invertebrates For chronic effects: Efg, MATC (only used when

an EGo could not be calculated for the genus)
ECyp(for bioaccumulativeeompounds)
Maintenance and growth of aquatic plants | LOEC, EGy, ECso, ICso, reduced growth rate, cell
from standing crop or biomass (freshwater | viability, calculated MATC
and estuarine/marine)

MATC = Maximum acceptable toxicant concentration (geometric mean of NOEC and LOEC)

NOEC = No observed effect concentration

LOEC = Lowest observed effect concentration

LCso = Lethal concenttion to 50% of the test population

EG/EC,/EC,o = Effect concentration to 50%/20%% of the test population

ICso = Concentration of aluminum at which growth is inhibited 50% compared to control organism growth

2.6 Measurement Endpoints

Measurement endpdsyTable 1) are the measures of ecological effect used to
characterize or quantify changes in the attributes of an assessment endpoint or changes in a
surrogate entity or attribute, in this case a response toicilegrposuréU.S. EPA 1998).

Toxicity data are used as measures of direct and indirect effects on representative biological
receptors. The selected measures of effectthe development of aquatic life criteria encompass
changes in the growth, repradion, and survival of aquatic organisi®ephan et al. 1985)

The toxicity data used for the development of aquatic life criteria depend on the
availability of applicable toxicity test outcomes, the acceptability of test methodologies, and an
in-depth ewaluation of the acceptability of each specific test, as performéuebyPA
Measurement endpoints for the development of aquatic life criteria are derived using acute and
chronic toxicity studies for representative test species, which are then quaslyitatid

gualitatively analyzed, as described in the Analysis Plan below. Measurement endpoints
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considered for each assessment endpoint in this criteria document are summdigdel 1n
The following sections druss toxicity data requirements for the fulfillment of these

measurement endpoints.

2.6.1 Overview of Toxicity Data Requirements

TheEPA has specific data requirements to assess the potential effects of a stressor on an
aguatic ecosystem and develdWA section 304(a) aquatic life criterias described in thE985
Guidelineg(Stegohan et al 1985)Acute toxicity test data (short term effects on survival) for
species from a minimum of eight diverse taxonomic groups are required for the development of

acute criteia to ensure the protection of various components of an aquatic ecosystem.

1 Acute toxicity test data for species from a minimum of eight diverse taxonomic groups.
The diversity of tested species is intended to ensure protection of various components of
an guatic ecosystem.

0 The acute freshwater requirement is fulfilled with the followanghtminimum
data requirements:

A the family Salmonidae in the class Osteichthyes

A asecond family in the class Osteichthyes, preferably a commercially or
recreationally imprtant warmwater species (e.g., bluegill, channel catfish,
etc.)

a third family in the phylum Chordata (may be in the class Osteichthyes or
may be an amphibian, etc.)

a planktonic crustacean (e.g., cladoceran, copepod, etc.)

a benthic crustacean (e.g.,rasbd, isopod, amphipod, crayfish, etc.)

an insect (e.qg., mayfly, dragonfly, damselfly, stonefly, caddisfly,
mosquito, midge, etc.)

a family in a phylum other than Arthropoda or Chordata (e.g., Rotifera,
Annelida, Mollusca, etc.)

a family in any order ofnisect or any phylum not already represented

p S5 S

>

>

0 The acute estuarine/marine requirement is fulfilled with the followiggt
minimum data requirements:

two families in the phylum Chordata

a family in a phylum other than Arthropoda or Chordata

either the Mysida or Penaeidae family

three other families not in the phylum Chordata (may include Mysidae or
Penaeidae, whichever was not used above)

A one fromany other family

> I I D

1 Chronic toxicity test data (longéerm survival, growth, or reproduction) are required for
a mnimum of three taxa, with at least one chronic test being from an acaedjtive
species.
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o Acutechronic ratios (ACRs) can be calculated with data from species of aquatic
animals from at least three different families if the following data requirements
are met:

A atleast one is a fish
A atleast one is an invertebrate
A for freshwater chronic criterion: at least one is an acutely sensitive
freshwater species (the other two may be estuarine/marine species) or for
estuarine/marine chronic criterion: at lease is an acutely sensitive
estuarine/marine species (the other two may be freshwater species).
The 1985Guidelines also require at least one acceptable test with a freshwater alga or
vascular plant. If plants are among the aquatic organisms mostettsthe chemical, results
of a plant in another phylum should also be available. Data on toxicity to aquatic plants are
examined to determine whether plants are likely to be unacceptably affected by concentrations
below those expected to cause unacdaptaffects on aquatic animals discussed ifection
3.4andSection5.2 based on available daitze relative sensitivity of fresh and estuarine/marine
algae and plants to alumim (Appendix E Acceptable Toxicity Dataf Aluminum to
Freshwater Aquatic Plan@ndAppendix F Acceptable Toxicity Data of Aluminum to
Estuarine/Marine Aquatic Plankss less than vertebrates and invertebrates, so plant cviterea
not developedThis trend was apparefur all conditionsasvertebrateandinvertebrate
generated deria values were always less than alga&&(DeForest et a018a), exceptat

unrealisticallyhigh pH and very higkotal hardness

2.6.2 Measures of Effect

The assessment endpoints for aquatic life criteria are based on survival, growth and

reproduction bthe assessed tapar the 1985 Guidelines (Stephan et al 1986 measures of

effect are provided by the acute and chronic toxicity data. These toxicity endpoints (expressed as
genus meawmalues) are used in the sensitivity distribution of the aguaiiomunity at the genus

level to derive the aquatic life criteria. Endpoints used in this assessment are [isbtith.

Studies that had unacceptable control survival were not used (i.e., studies where acute and

chronic control mortality was >10% and >20%, respectively), regardless of test conditions.

Measure of Aluminum Exposure Concentration
Only data from toxicity tests conducted using chloride, nitrate and sulfate salts (either

anhydrous or hydrated) are usedhis effects assessmerithis is consistenwith the EPA s
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previous1988 aluminum aquatic lif@WQC documentThis document addresses the toxicity of
total aluminumto freshwater organisms in the pH range oft6.00.5 The1988 AWQC

addressed watevgith a pH between 6.5 and 9.0 (U.S. EPA 1983)e consistent with the
recommendedquatic lifepH criteria (U.S. EPA 1986).he pH range for freshwater was
expandegin part because of the complex chemistry of aluminum in surface waters, the
available oxicity data demonstrated an increased sensitivity of freshwater aquatic species in low
pH (i.e., pH<6.5), and the expanded range represents a fuller range of pH conditions in natural
waters. Tests conducted in pH water less than 5 were deemed too wgedoquantitatively

due to a mixture effect from the combined stress of both low pH and aluminum on the test
organismsand the inability taliscerna particular effect level teither low pH or elevated
aluminum concentration.

Aluminum chemistry in sdiace waters igxtremelycomplex, and so measurement
uncertainty can be high if only one form of aluminum is taken into account. A thorough
understanding of aluminum toxicity is complicated byrtkeedto distinguish between aqueous
and particulate alumim, and between inorganic and organic forms of aluminum (Driscoll and
Postek 1996; Gensemer and Playle 1988horatory dilution waters do not contain suspended
solids, clays or particulate matter where aluminum may be bound (unless specifically
investigaed). Thereforea distinction needs to be made in hilne EPAinterprets the
measurements of aluminum in water, so that extrapolating laboratory data to natural waters is
better understood.here isalso a complication abke availablaneasuremennethodqi.e., total,
total recoverable, acid soluble, pHextractableand dissolveppresent differenthallengesvhen
applied to natural and laboratory waters. In application to natural waters, total, total recoverable,
and acid soluble methodsay beconfounde by measuring aluminum in aluminum silicate
clay).

Laboratory Exposures

The 1988 AWQC considered using dissolved aluminum concentrations to set aquatic life
criteria, howevenot enough data were available to allow derivation of a criterion based o
dissolved aluminumrhe EPA also noted at the time that organisms would be exposed to both
dissolved and undissolved aluminum from laboratory exposures. The lack of data prevented any

definitive analysis.
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Data are now available to compare toxicity afminum usingotal aluminum(unfiltered
test samples that were acidified) and dissolved aluminum (operationally defined as filtered with
typically a 0.45 um filter before acidificationjhetotal aluminumconcentration laboratory
test solutionsvill contain dissolved monomeric and precipitated forms (e.g., aluminum
hydroxides) of aluminunmDissolved concentrations will not contain these precipitated forms.

In tests with brook trout at low pH and total hardness, toxic effects increased with
increasing oncentrations atfotal aluminumeven though theorrespondingoncentration of
dissolved aluminum was relatively constant (Cleveland et al. 1989). This phenomenon was also
observed in several chronic studies with widely varying test concentrations artibosnd
(renewal and flonthrough exposures) at pH 6 conducted by the Oregon State University (e.g.,
2012a,e), where toxic effects increased with increasitad) aluminumconcentrations, while
measured concentrations of dissolved and monomeric aluminurgeaghaery little with
increasingotal aluminumconcentrations.

In filtration studies at pH 8 with the fathead minnow, both acute and chronic toxicity tests
indicatedno toxicity when the test water was 0.2 um filtered prior to exposure (Gensemer et al.
2018). Toxicity was only observed when the test solutions were unfiltevethermore, dose
response relationships were only observed usitag aluminum relationships were not observed
usingmeasurements of dissolved or monomeric forms (Gensemer 61.8). I his same effect
was observed in-day exposures at pH 7 and 8 with the daph@etipdaphnia dubiawhere
filtered test solutions were less toxic than unfiltered solutions (Gensemer et al. 2018).

Therefore, becausaeasurements alissolved aluminundo not reflect théull spectrum
of forms of aluminum that results in toxicitgll laboratory exposure datged for criteria
derivationwill be based on measurementdathl aluminumMeasurements with methods using
lesser degrees of acidification (thg acid soluble and pH 4 extractable) are generally not
available. t aluminum criteria are based on dissolved concentrations, towititpe
underestimatedyecaus@aluminumhydroxide precipitatethat contribute to toxicityvould not
be measured (GEonsultants, Inc. 2010; U.S. EPA 1988). concentrations fom toxicity tests
are expressed &stal aluminumin this document (unless otherwise specified).

Natural Waters
Researchers rely on operationally defined procedures to evaluate the conceai@tio

forms of aluminum in natural waters, and the accuracy of these methods is difficult to evaluate,
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resulting in uncertainty regarding the actual amount of aluminum present in various forms
(Driscoll and Postek 1996)otal aluminumconcentrations in riaral waters are determined

using a wide variety of digestion procedures at varied extraction times, resulting in a range of
operational methods and uncertainty in measured values (Driscoll and Postek 1996).
Furthermore, particulate material comprises @tiooial size distribution making measurement of
dissolved concentrations dependent on the {fgitae size used (Driscoll and Postek 1996).

A major complication for extrapolatingtal aluminumconcentrations measured in
laboratory waters to natural watésghe test method usetihe 1988 AWQC for aluminum were
based on acidoluble concentration®perationally defined as the aluminum that passes through
a 0.45 pm filter after the sample has been acidified with nitric acid to a pH between 1.5 and 2.0).
In the early 1990ghe EPAconverted most metals criteria (excluding aluminum) to the
dissolved measurement. With the as@uble method seldom used and insufficiently different
from total,(U.S.EPA199%) the EPAexpressed the aluminum criteriontatal recoverable
aluminum with a caution that a Watéiffect Ratio would often be needéthe EPA uses the
terms Atotal 0 a sydonyindushforeffluent guadelines and fdeimétiog under
NPDES program@U.S. EPA 1988h)The current EPA'est Mahod formeasuringotal
recoverable aluminunm ambient water and wastewatesesinductively coupled plasmatomic
emission spectrometry and inductivegupled plasmanass spectrometry(S. EPA 1994a)h
Themethods recommend thidie sampldirst be solubilized by gentle refluxing with nitric and
hydrochloric acidgi.e., digestionto pH<2 when an aqueous sample contains undissolved
material After cooling, the sample is made up to voluthenmixed andeithercentrifuged or
allowed to settl@vernight prior to analysisThis process dissolves the monomeric and
polymeric forms of aluminum, in addition to colloidal, particulate and-blaynd aluminum.
Applying the aluminum criteria ttmtal recoverable aluminuia considered conservative
because it idludes monomeric (both organic and inorganic) forms, polymeric and colloidal
forms, as well as particulate forms and aluminum sorbed to clays (Wilson Bli#ver,
under natural conditions not all of these forms would be biologically available to aspeties
(e.q., claybound aluminum)

EPA Methods 200.7 and 200.8 are the only currently approved methods for measuring
aluminum in natural waters and wastgerfor NPDES permits (U.S. EPA 1994a,Research

on new analytical methods is ongoing to addoesgerns withincludingaluminum bound to
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particulate matter (i.e., clay) in the total recoverable aluminum concentrations (OSU 2018c). One
approach wold not acidify the sample to pH less thabut rather to pH 4 (pH 4 extracted

method) to better capteithe bioavailable fraction of aluminum (CIMM 2016, OSU 201Bct).

the pH 4 extraction method, sodium acetate buffer is added to the sample to reach the desired
pH, followed by sample agitation for a specified period of time, and finally 0.45 pm sample
filtration. The sample is then acidified with nitric acid befadrictively coupled plasmaptical
emission spectrometgnalysis.

To further explore this issue, researchers conducted an aluminum analysis of 12 natural
freshwater sources throughdhe United States with various concentrations of total suspended
solids using four different aluminum methods (i.e., total,-goildble, pH 4 extracted and
dissolved) (OSU 2018c). The total metHodnsistent with EPA methods 200.7 and 200.8)
acidified the sampleo pH 2 before analysishe acid soluble method acidified the sample to
pH<2, held the sample for 16 hours and then filtered the sample with a 0.45 pnthidtpH
extraction method acidified the sample to pH4.8) held the sample fahreehours and then
filtered the sample with a 0.45 um filtemnd lastly, the dissolved method filtered the sample
before acidificationAs expected, the total method typically had elevated measured aluminum
concentrations compared to the levels quantified by tlee thther test methodologies. This
trend was most evident with natural waters that had high total suspended solids. The validation
of the pH 4 extraction method is still-going, with the expectation that this approach will better
estimate the bioavailabfeaction of aluminum in natural waters.

Acute Measure®f Effect

The acute measures of effect on aquatic organisms are tgeE G, and 1Go. LC
stands for 0L et haldisioertateentratioradf d chemical that is estimated
tokil50 percent of the test organdpsmadsiEhes E€nds

concentration of a chemical that is estimated to produce a specific effect in 50 percent of the test
organi sms. | C stands , & oan digisthescdnbe@trationppfaConcent r
chemical that is estimated to inhibit some biological process (e.g., growth) in 50 percent of the

test organismdAcute chtathat were determined to have acceptable quality and to be useable in

the derivation of water qualityriteria as described ithe 1985Guidelines for the derivation of a

freshwater and estuarine/marine criteria are presenigpdpandix A (Acceptable Acute Toxicity
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Data of Aluminum to Freshwater Aquatic AnimaadAppendix B (Acceptable Acute Toxicity

Data of Aluminum to Estuarine/Marine Aquatic Animjatespectively.

ChronicMeasurs of Effect
The endpoint for chronic exposuia@ aluminumis the EGp, which represents a 20

percent effect/inhibition concentration. This is in contrast to a concentration that causes a low
level of reduction in response, such as ag, E@ich is rarelystatistically significantly different
from the control treatment. A major reduction, such as 50 percent, is not consistent with the
intent of establishing chronic criteria to protect populaioom longterm effectsThe EPA
selected an Efto estimatea low level of effector aluminumthat would typically be
statistically different from control effects, but not severe enough to cause chronic effects at the
population level (see U.S. EPA 1999b). Reported NOECs (No Observed Effect Concentrations)
and LCECs (Lowest Observed Effect Concentrations) were only used for the derivasion of
chronic criterion when an EBgcould not be calculated for the genus. A NOEC is the highest test
concentration at which none of the observed effects are statisticallyediffeom the control. A
LOEC is the lowest test concentration at which the observed effects are statistically different
from the control. When LOECs and NOECs are used, a Maximum Acceptable Toxicant
Concentration (MATC) is calculated, which is the georneatrean of the NOEC and LOEC.
Regression analysis was used to characterize a concengrHtionrelationship and to
estimate concentrations at which chronic effects are expected to occur. For the calcuthgon of
chronic criterion, point estimatés.g, EG,¢s) were selected for use as the measure of effect
rather tharMATCs, as MATCs are highly dependent on the concentrations testede the
NOECs and LOECs from which they are derivdtbint estimates also provide additional
information that is dffcult to determine with an MATC, such as a measummagnitude of
effect across a range of tested concentratibaghor reported Egs were used when provided,
otherwisepoint estimates were calculated from raw toxicity data usiagPAG Toxicity
Relation$ip Analysis PrograniTRAP). Chronic toxicity data that met the test acceptability and
guality assurancand qualitycontrol (QA/QC) criteria inthe 1985Guidelines for the derivation
of freshwater and estuarine/marine criteria are presenipeandix C (Acceptable Chronic
Toxicity Data of Aluminum to Freshwater Aquatic AnimalsdAppendix D (Acceptable

Chronic Toxicity Data of Aluminum to Estuarine/Marine Aquatic Aniinaéspectively.
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2.7 Analysis Plan
During CWA section304(a) criteria developmenhe EPAreviews and considers all

relevant toxicity test data. Information availalde &ll relevant species and genera are reviewed
to identifywhether 1) data from acceptable testeet data quiy standards; and 2he
acceptable data meet the minimum data requirements @/outlined irthe 1985Guidelines
(Stephan et al. 1985; 5. EPA 1986). The taxa represented by the different MDR groups
represent taxa with different ecological, trophic, taxonomic and functional characteristics in
aguatic ecosystems, and are intended to be a representative subset of the diversity within a
typical aquatic community. In most cases, data on freshwater and estuarine/marine species are
grouped separately to develop separate freshwater and estuarine/marine criteria. Thus, where
data allow, four criteria are developed (acute freshwater, acute estumarine, chronic
freshwater, and chronic estuarine/marine). If plants are more sensitive than vertebrates and
invertebrates, plant criteria are developed.

Table 2 provides a summary of the toxicity data used téliftihe MDRs for calculation
of acute and chronic criteria for both freshwater and estuarine/marine orgarisrakiminum,
there are acceptable toxicity data for derivation of a freshwater acute criterion with all of the
freshwater MDRs being met. Theceptable acute toxicity data encompfass phyla, 14
families,20 genera an@2 species Table 2). Acceptable estuarine/marine acute toxicity data are
only available for three phyla, five families, five generd fine species. Consequently, only five
of the eight MDRs are met for the estuarine/marine acute crifenehro acceptablacutetest
data on fish species were availalilaereforethe EPA cannot develamacute estuarine/marine
criterion at this timeThe chronic toxicity data for direct calculation of the FCV for the
freshwater criterion consisted of seven of the eight freshwater Mib&snissing MDR was the
Aot her )cHowervedthetl@BGuidelines still allowderivation of a chronic criterio(see
Section2.6.1). Because derivation of a chronic freshwater criterion is important for
environmental protectionhe EPAexamined qualitative data for the Chordate MDR from
Appendix H (Other Data on Effects of Aluminum to Freshwater Aquatic Organiants
selected an amphibian test to fulfill that MDR. The species did not rank in the lowest four
normalizedGenus Mean Chronic ValueGCVs) (the numeriecriteria-driving portion of the
sensitivity distribution), and thus its use to fulfill the missing MDR is considered justified (U.S.

EPA 2008). There are not enough chronic toxicity data for direct calculation of the FCV for the
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estuarine/rarine criteria (no acceptable estuarine/marine chronic studies}hth&®A did not
derivechronic estuarine/marine criterion. Aluminum toxicity data on estuarine/marine species
remain a data gap; additional acute and chronic toxicity testing on estfoaime taxa would

beneededn order to derive estuarine/marine criteria for aluminum.
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Table 2. Summary of Acceptable Toxicity Data Used to Fulfill the Minimum Data Requirements in th&985Guidelines for

Aluminum.

Family Minimum Data Requirement (Freshwater)

Acute
(Phylum / Family / Genus)

Chronic
(Phylum / Family / Genus)

Family Salmonidae in the class Osteichthyes

Chordata / Salmonidae / Oncorhynchus

Chordata / Salmonidae / Salvelinus

Second family in the class Osteichthyes

Chordata / Centrarchidae / Lepomis

Chordata / Cyprinidae / Pimephales

Third family in the phylum Chordata

Chordata / Cyprinidae / Pimephales

Chordata / Ranidae / Rana*

Planktonic Crustacean

Arthropoda / Daphniidae / Ceriodaphnia

Arthropoda / DaphniidaeCeriodaphnia

Benthic Crustacean

Arthropoda / Crangonyctidae / Crangony

Arthropoda / Hyalellidae / Hyalella

Insect

Arthropoda/ Chironomidae/ Chironomus

Arthropoda / Chironomidae / Chironomus

Family in a phylum other than Arthropoda or Chordata

Mollusca/ Physidae / Physa

Mollusca / Lymnaeidae / Lymnaea

Family in any order of insect or any phylum not already represer

Annelida / Naididae / Nais

Annelida / Aeolosomatidae / Aeolosoma

Family Minimum Data Requirement (Estuarine/Marine)

Acute
(Phylum / Family / Genus)

Chronic
(Phylum / Family / Genus)

Family in the phylum Chordata

No acceptable data

No acceptable data

Family in the phylum Chordata

No acceptable data

No acceptable data

Either the Mysidae or Penaeidae family

No acceptable data

No accepable data

Family in a phylum other than Arthropoda or Chordata

Mollusca / Ostreidae / Crassostrea

No acceptable data

Family in a phylum other than Chordata

Annelida / Nereididae / Neanthes

No acceptable data

Family in a phylum other than Chordata

Annelida / Capitellidae / Capitella

No acceptable data

Family in a phylum other than Chordata

Annelida / Ctenodrilidae / Ctenodrilus

No acceptable data

Any other family

Arthropoda / Ameiridae / Nitokra

No acceptable data

* Data used qualitatively, see Section 3.2.1.

Freshwater Acute Freshwater Chronic Estuarine/Marine Acute Estuarine/Marine Chronic
Phylum Families | GMAVs | SMAVs Families | GMCVs | SMCVs Families | GMAVs | SMAVs Families | GMCVs | SMCVs
Annelida 1 1 1 1 1 1 3 3 3 - - -
Arthropoda 5 7 9 3 4 4 1 1 1 - - -
Chordata 5 9 9 2 4 4 - - - - - -
Mollusca 3 3 3 2 2 2 1 1 1 - - -
Rotifera - - - 1 1 1 - - - - - -
Total 14 20 22 9 12 12 5 5 5 0 0 0
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2.7.1 pH, TotalHardnessand DOCNormalization
Although many factors might affect the results of toxicity tests of aluminum to aquati

organisms (Sprague 1985), water quality criteria can quantitatively take into account only factors
for which enough data are available to show that the factor similarly affects the results of tests
with a variety of species\ variety of approaches weevaluated for the development of the
freshwater aluminum criteria due to al @smi numo
bioavailability. These included empirical models that directly relate water chemistry conditions
to metal bioavailability ashinclude single parameter regression models, (@agdness
adjustment equations) and a variety of MLRs. The mechanistic models evaluated included an
aluminum BLM model and a simplified aluminum BLM model. For further discussion, see
Section5.3.5

A recent publication by Gensemer et al. @0dummarized shoterm aluminum chronic
toxicity data across a range of gidtal hardness, and DO@lues Threedaytoxicity tests
measuring growth with the green algséudokirchneriella subcapitgta/-day reproduction
tests with the cladocera@ériodaphnia dubi and #day mean biomass tests with the fathead
minnow Pimephales promelasvere compiled to evaluate how the effect of ital hardness,
and DOC alterslaminum bioavailability. Thd®. subcapitatalata consisted of 27 tests with
dilution water parameters that ranged from 1@ for pH, 22121 mg/L total hardness and 0.3
4.0mg/L DOC (DeForest et a2018&). TheC. dubiadata consisted of 23 tests witlstte
parameters that ranged from®3. for pH, 9.8123 mg/Ltotal hardness and -4 mg/L DOC
(DeForest et aR018&). The fathead minnow data consisted of 22 tests with test parameters that
ranged from 6.8.0 for pH, 10.2127 mg/Ltotal hardness and 0.680 mg/L DOC (DeForest et
al. 2018). DeForest et al2018) used these data to evaluate the ability of MLR models to
predict chronic toxicity of aluminum as a function of multiple combinations otqutsll
hardness, and DOC conditions. These three pateamare thought to be the most influential for
aluminum bioavailability and can be used to explainstedeof differences in the observed
toxicity values (Cardwell et al. 281Gensemer et al. 281 As a result of the public comments
onthe draft of his documenteleasednto the Federal Registatata oran additional nin€.
dubiaand nineP. promelas toxicityestswereobtainedn order to expand the ranges of water
chemistryconditionsfor model developmeni.he new toxicity datexpandedhe DOCrange up
to 12.3 mg/L forC. dubiaand 11.6 mg/L foP. proméasand the hardness range up to 428 mg/L
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and 422 mg/L, respectivelyhese new data were subjected to an independent, external expert
peer review, and an EPA quality review, prior to theiringbe aluminum criteria. The external
expert peer review comments on these new data obtairtbeé BPAIn 2018 andhe EPA s
response to the external expert peer reviews can be found on the EPA websitaltonitiem

criteria (ttps://www.epa.gov/wgc/aquatide-criteriazaluminunj.

The approach described by DeForest et2f114a,b) incorporated pHtotal hardness, and
DOC into MLR models to determine if the estimation of aluminupaiailability to animals in
freshwater aquatic systems could be applicable in the development of aluminum water quality
criteria. The approach resulted in the creation of multiple MLR models that could be used for the
development of aluminum water qualidsiteria following European Union (EYECB 2003)
andthe EPA methodologie§Stephan et al. 1985Pnly the MLR model development for the
fathead minnow an@. dubiausing EG effects concentrations is des@tbbelow. Note that
while a #daysurvival am growth test foP. promelass not defined as an eaflije stage (ELS)
test per thd985Guidelines, testing demonstrated that it produced sensitivity valuestdibr
aluminumcomparable to those generated via an acceptable ELS test (DeFore2dkiaal.

Table S1), and therefore,asnsideredgppropriate to use for MLR model development.

MLR models for each species were developed using a-stafiiprocess and the general
approach is briefly described below. For more detailed information, figubdss tand statistical
results, please see DeForest et2018a,b) and Brix et al. (2017). The authors first examined if
any of the relationships between the dependent variaitéd &luminumeffect concentrations)
and the three main effect terms (fbtal hardness and DOC,; all independent variables) were
nortlinear. Effect concentratio&C,cs) for each species were plotted against each independent
variable using data where the other two parameters were held constant. @@G¢slihcreased
with eachindependent variable. However, there was some evidence of a unimodal relationship
with pH, with increase@C,os around pH 7 and decreasiB,cs at low and high pH, as well as
potential differences regarding the effectsatél hardness at low and hightdgDeForest et al.
2018a). To account for these potential nonlinearities, the thotentialtwo-way interactions
(i.e., pHhardness, DOC:hardness and pH:hardrfes®ach of the three main effect terms were
added. Finally, aquaredH term was includeth the initial models to account for the potential

unimodal relationship between pH and aluminum bioavailability (DeForest2€118h).
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Beginning with a seveparameter model consisting of the three main effect terms (pH,
total hardness and DOC), thedtle tweway interactions for the main effects, and a squared pH
term, a final model was developed for each species using-aisteprocedure. In this
procedure, the original model was compared to a series of simpler models by removing one or
more of thd our # leiveher terms (i .e., the three inter
until the most parsimonious model was developed. Each potential model was evaluated using
Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC)e Dherall
goodness of fit of a model increases with each additional model term. AIC and BIC penalize a
mo d el 6 s -offit ly d factos related to the number of parameters in the model (DeForest
et al.20184). AIC and BIC are minimized for the model theest balances overall goodneds
fit and model complexity, as too many terms in the model may over extrapolate from the dataset
making it less useful, whereas too few terms reduces its precision.

DeForest et al. (2018b)-avaluated the original publisl models supplemented with the
new data and developed a pooled MLR model based on the conthidetiaandP. promelas
datasets. A pooled model approach is described in Brix et al. (2017) for copper. In a pooled MLR
model approach, specigpecificinterceptsare used to account for the differences in species
sensitivity. The same procedumgsreused to develop pooledmodel as was done for the
individual speciesMLR models.

For C. dubig the finalindividual MLR model,based orAIC and BIC,included bth the
pH:hardness interaction and the squared pH {Brefrorest et al. 20186} he negative pFiterm
accounts for the fact thatuminum bioavailability decreases from pH 6 to FHand then
increases from pH 7 to pH 8, which is expected given the unajukiliy chemistry of
aluminum (DeForest et &018a). The negative pH:hardness term is reflective of the dengeas
effects oftotal hardnes mitigating toxicity as pH increases (DeForest eR@ll8a). The adjusted
R? for the final model was 880, conpared to an Rof 0.67 for the model consisting of the three
main independent variablegH, In(total hardness)andin(DOC)]. In the final MLR model,
predicted EGes were within a factor of two of observed valuegd to create the model 97%
of the tests(DeForest et al. 2018b)he comparison of MLR predicted versus obse®@edubia
values where one water chemistry parameter was varied is séiguia 4 andFigure 5. No

clear pattern was observed in the residuals over a wide range of water chemistry conditions or
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relative to single independent variablégyure S3Figure S6DeForest et aR018a). The final
individual MLR model forC. dubiais:
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ForP. promelasthe finalindividual model, based on AIC and BIC, included the
pH:hadnessandpH:DOC interaction terma (DeForest et al. 2018)he pH:hardnesimteraction
term was retained because of the unique chemistry of aluminum teteigardness has less of
a mitigating effect on bioavailability at higher pH levels (DeForeat.@018a; Gensemer et al.
2018). The adjusted &or the final model was 823 compared to an#f 0.85 for the model
consisting of the three main independent variables [In(DOC), pH, and In(hardness)]. In the final
MLR model, predicted Efgs were withina factor of two of observed valuased to create the
modelfor 97% of the test¢DeForest et al. 2018b)he comparison of MLR predicted versus
observed®. promelas/alues where one water chemistry parameter was vangdugledin
Figure 6 andFigure 7. Again, no clear pattern was observed in the residuals over a wide range
of water chemistry conditions or relative to single independent varidhfpe¢ S3Figure S6
DeForest et aR018a). The finalindividual MLR model forP. promelass:
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The pooled MLR model performed similarly as the individ@ish and invertebraje
MLR models (DeForest et al. 2018Bhe adjusted Rvalue, based on the BIC, was 0.882 and
includes the pH:hardness interaction term. The pooled MLR modeldiadlar to identical
level ofaccuracyas the individual MLR modelsithh 97% ofC. dubiaand 94% of. proméas
predicted EGos within a factor of two of observed valu@3eForest et al. 2018bjlowever, a
comparison of the residuals between the observed and predicted values for the two models
(individual vs. pooled MR) s howed that the individual mod el
deviations Additionally, the pooled model had some patterns in the residuals of the predictions
relative to the independent variables (e.g., pH). There were no patterns in the résiceidier
theC. dubiaor P. promelasndividual MLR models.The EPAelected to use thedividualfish
and invertebrate models in the final recommended aluminum aquatic life AWQ@&adns a
pooled model for the above reasonikis modeling approach &so consistent with the approach
in the draft 2017 aluminum criteria documehdiditional analysis comparing the performance to
the two model approachesdividual vs. pooled MLRis presented idppendix L(EP A6 s ML R
Model Comparison of DeForest al.(2018b) Pooled and Individu&peciesviodel Option.
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The models developed followed the trends seen in the empirical data, 1) at pH 6 predicted
effects concentratiorincreased with bottotal hardness and DOC concentrations, 2) at pH 7
predicted effect concentrations increased with DOC concentrations, latalbardnessand 3)
at pH 8 predicted effect concentrations increased with DOC concentrations, but prefisctied
concentrations decreased with increaseal hardness concentrations (DeForest e2@18a).
Theindividual speciesnodels developed by DeForest et 2018b) were used to normalize the
freshwater acute and chronic dataAppendix A andAppendix C, respectivelyInvertebrate
data were normalized using timelividual MLR model forC. dubig and vertebrate data were
normalized using thmdividual MLR model for P. promelasinvertebrate and vertebrate

freshwater aluminum toxicitgata were normalized with thiellowing equations:
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where:

ECo0 test = reported chronitotal aluminumeffect concentration in pg/L

LCso.test = reported acutetal aluminumeffect concentration in pg/L

DOCest = reported test DOC concentration in mg/L

PHeest = reported test pH

hardest = reported test total hardness concentration in mg/L as gaCO

DOCarget = DOC value to normalize to in mg/L

PHtarget = pH value to normalize to

hardarget = total hardness value to normalize to in mg/L as CaCO

Throughout this document, unless othesvstatedeffect concentrations were normalized to pH

7, total hardness of 100 mg/L and DOC of 1 mglhis example scenario is illustrative only and
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is not meant to represent water quality characteristics typitalShatural waterdNormalized

values will be different under differing water chemistry conditions as identified in this document.

2.7.2 Acute Criterion

Acute criteria are derived from tlsensitivity distribution otompiledgenus mean acute

values (GMAVSs), calculated from species mean acute values (SM#\septable data.

SMAVs are calculated using the geometric mean for all acceptable toxicityitsisa given
species (e.g., all tests fDaphnia magnga If only one test is available, the SMAYV is that test
value by defaultAs stated in th@985Guidelines, flowthrough measured test data are normally
given preference over other test exposuregype., renewal, static, unmeasured) for a species,
when available. When relationships are apparent betweestdile and sensitivity, only values
for the most sensitive litstage are considere@MAVs are then calculated using the geometric
means of aISMAVs within a given genus (e.g., all SMAVs for gefdaphnia- Daphnia pulex
Daphnia magnga If only one SMAV is available for a genus, then the GMAV is represented by
that value. GMAVs are then raigtdered by sensitivity from most sensitive to lessisitive.

Acute criteria are based on the Final Acute Value (FAVig FAV is determined by
regression analysis based on the four most sensitive genera (reflected as GMAVS) in the data set
to interpolate or extrapolate (as appropriate) to thegscenile of the sensitivity distribution
represented by the tested gen@ifge intent of the eight MDRSs is to serve as a representative
sample of the aquatic community. These MDRs represent different ecological, trophic,
taxonomic and functional differences ebged in the natural aquatic ecosystélse of a
sensitivity distribution where the criteria values are based on the four most sensitive taxa in a
triangular distribution represents a censored statistical approach that improves estimation of the
lower tail (where most sensitive taxa amfien the shape of the whole distribution is uncertain,
while accounting for the total number of genera within the whole distribution.

The acute criteriordefined as the Criterion Maximum Concentration (CM€}he FAV
divided by two, which is intended to provide an acute criterion protective of nearly all
individuals in such a genus. The use of the factor of two to reduce the FAV to the criterion
magnitude is based on analysis of 219 acute toxicity tests on a range afatbeas described
in theFederal Registeon May 18, 1978 (43 FR 21506B). For each of these tests, mortality
data were used to determine the highest test concentration that did not cause mortality greater
than that observed in the control for that jgaittr test (which would be between 0 and 10% for
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an acceptable acute test). Thus, dividing theslfdsed FAV by two decreases potential acute
effects to a level comparable to control mortality levels. Thereforedine criterions expected

to protect95% of species in a representative aquatic community from acute effects.

2.7.3 Chronic Criterion

The chronic criteriondefined as the Criterion Continuous Concentration (C@@y be

determined by one of two methods. If all eight MDRs are met with acceptableictest data,
then the chronic criterion is derived using the same method used for the acute criterion
employing chronic values (e.g., EfLestimated from acceptable toxicity testscases where
fewerchronic data are available (i.e., must havieast three chronic tests from taxa that also
have appropriate acute toxicity data), the chronic criterion can be derived by determining an
appropriate acutehronic ratio (ACR).

The criteria presenteste theE P A éssmate of maximum concentrations of aluminum to
protect most aquatic organisms framy unacceptable shedr longterm effects. Results of
such intermediate calculations such as Species Mean Acute Vapma@ix A andAppendix
B) and chronic vales Appendix C andAppendix D) are specified to four significant figures to
prevent rounebff error in subsequent calculatigrise number of places beyond the dedima
point does not reflect the precision of the valliee acuteandchronic criteriaare rounded to

two significant figures.

3 EFFECTSANALYSES

Data for aluminum were obtained from studies published in the open literature and
identified in a literature searasing the ECOTOXicology database (ECOTOX) as meeting data
quality standards. ECOTOX is a source of high quality toxicity data for aquatic life, terrestrial
plants, and wildlife. The database was created and is maintained by the EPA, Office of Research
ard Development, and the National Health and Environmental Effects Research Laboratory's
Mid-Continent Ecology Division. The latest comprehensive literature search for this document
via ECOTOX was conducted 2017 and supplemented by additional de¢aearhersmade
availableto the EPAIn 2018

A further evaluation ofhe quality of theavailable data was performed thye EPAto

determine test acceptability for criteria development. Appendix @uatlity Criteria for Water
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1986(U.S. EPA 1986) provides an-depth discussion of the minimum data requirements and

data quality requirements for aquatic life criteria development.

3.1 Acute Toxicity to Aquatic Animals

All availablereliabledata relating to the acute effectsatfal aluminumon aquatic
animals were ansidered in deriving the aluminum criteria. Data suitable (in terms of test
acceptability and qualityn a manner consistent withe 1985Guideline$ for the derivation of a
freshwater andnestuarine/marine FAV are presented\ppendix A (Acceptable Acute
Toxicity Data of Aluminum to Freshwater Aquatic AnimalsdAppendix B (Acceptable Acute
Toxicity Data of Aluminum to Estuarine/Marine Aquatic AnimaksspectivelyMost fish and
invertebrate data ateCso measurefrom acute toxicity tests that we®@ hours induration,
exceptthe tests focladocerans, midges, mysids and @ierembryos and larvae of specific
estuarine/marine groupwhich were48 hours indurationand typically EGo endpointgper the
1985 Guidelines)

3.1.1 Freshwater

Twenty-two freshwater spciesencompassing0 generaarerepresented in the dataset of
acceptable data for acute toxicibyaluminum.Thewater qualityconditions for thes&18
toxicity tests ranged frord.0-8.3 for pH, 2220 mg/L as CaCg&Xor total hardness, and.484.0
mg/L for DOC.Since theséhreeparameters affect tHaoavailability, and hence toxicitpf
aluminum, d of the acceptable acute toxicity data presentesiipendix A were normalizedo
standardizeavater quality conditionssingthe MLR equationslescribed in the Analysis Plan
(Section2.7.7). However, thailution waterDOC concentratiorwas not reported for a number
of acutestudies presented ippendix A. In this situationwhere only the DOC was lacking,
defaultvalueswere used for several different dilution watesing a methodology documented
in the 2007 freshwater copp@WQC document gee Appendix QJ.S. EPA 20016).

Specifically, thedefault DOC value forl) laboratory prepared reconstituted water is 0.5 mg/L
2) Lake Superior water is 1.1 mg/L, &}y tap and well wateis 1.6 mg/L, and 4) Liberty Lake,
Washingtonwateris 2.8 mg/L.These values were determined from empirical data obtained for
each source water.

Once normalizedhe toxicity dataverecompiled(i.e., based on thgeometric mean for
each species and genus) aanked byGMAYV into a sensitivity distributionNormalizing the

toxicity data to the sameH, total hardness and DOC levedlows comparisons to be made
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because the MLR derived equati@ukresshe differences seen in the magnitude of effects
when comparing across conditions. Howebecausehe 118toxicity tests were@achconducted
at different water qualitgonditions the MLR derived equations mémave either a minor or
major effectonthe magnitude of the observegportedeffects dependingntheset of conditions
to whichthe testsaare normalizedThus the relativesensitivityrankingscanchange depending
on what pH, hardness and D@G@ncentrations are selected for normalizaseeAppendix K
for exampleg
All values reported in this section are normalized to ptéta) hardness of 100 mg/as
CaCQ, and DOC of 1.0 mg/L (se®ection2.7.1for more information)Several species tested
were not exposed to aluminum concentratioigé enoughor low enougho allow calculation of
an LGy (i.e., the LGois afigreaterthad o r i |value)sThetddriaion ouldor using these
nondefinitive LCss to calculate SMAVss consistent with methods used previously in criteria
developmentThefreshwater ammoniAWQC document explains howhronic valuege.g.,
EC,0s) can beevaluatedor potential use in deriving SMC\$).S. EPA 2013)The
methodolgy is based on the findingh at figreater thano values for
magni tude, and Al ess thano val uegenefalyadd concent
significant information to th&oxicity analysis. The decision rule was appliedasfl ows : A gr e &
t hano ohmencvdluesvn d Al e s s ¢hiorachvauesvere)not hsedgrhthe
calcul ation of the Sbth@ONMcvalemhdfibeBgrehaan (han
chronic valuesvere included in the SMCYU.S. EPA 201R This approach waalsofollowed
for acute SMAV calculations.
While nonrdefinitive SMAVswere ranked ifTable 3 according to the highest
concentration used in the test, the value does not necessarily iaqgyateranking of
sensitivities Again, in this section and belqwhe relative rankingare presented for comparative
purposes andnly apply when the set of chemistry conditions are ptdtd) hardness of 100
mg/L and DOC of 1.0 mg/LSMAVs ranged fron1,836 ug/L for thecladoceranDaphnia
pulex t0119,427ug/L for thesnail Melanoides tuberculatarhere is no apparetrendbetween
freshwater taxon angcutesensitivity to aluminumTable 3). The smallmouth basMicropterus
dolomieu, representshe second most sensitive gencladoceransepresenthefirst andfourth
most sensitive generish genera rankecondthird, sixthandseventhn the sensitivity

distribution;andan ostracodtenocyprisranks fifth.
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Otherfish species werkesssensitive with SMAVs of 18,913ug/L for thebrook trout,
Salvelinus fontinalisgreater thar22,095ug/L for the fathead minnowRimephales promelas
greater thar31,087ug/L for thegreen sunfishl.epomis cyanellysindgreater thar21,779ug/L
for the Rio Grande silvery minnowlybognathus amasiThemidge Chironomus plumas,
SMAYV = 25,216ug/L), the aquatic atbreathing snailRhysa sp.SMAV =41,858ug/L), and
thefreshwatejuvenile mussel Lampsilis siliquoideaSMAV = >29,492ug/L) were
comparatively insensitive to aluminum.

Summary of Studies Used in Acute Freshwater Determination
The taxa used in calculating the acute crite(tbe lowest four ranked GMAVS) depends

ontheset of water quality conditiorfer which thecriterionis being derivedBased on the
analysis inAppendix K (RecomrandedCriteria for Various Water Chemisti@onditiong, a
combination of several genenall rank in the lowest four. Those aie studies used to calculate
the GMAVs are summarized beloWwhe normalized/ialues mentioned below are foif of 7,

total hardness of 100 mg/L as Cagnd DOC of 1.0 mg/L.

Invertebrates
Cladoceranbaphnia

The pHtotal hardness/DO@ormalized GMAV 0f2,325ug/L aluminum forDaphniais
based orthe SMAVSs for two cladoceran speci@aphnia magnandD. pulex TheD. magna
normalizedSMAV (2,944ug/L) is based on the geometric meariieé¢ 48-hr ECscs (ranged
from 713.2to 15,625ug/L aluminum) as reported by Biesinger and Christensen (1972),
European AlminumAssociation (2009)Kimball (1978) and Shephard (1983). All tests were
static that exposed <zZ# old neonatesind only the Kimball (1978) test measusddminum
concentrations and did not use nominal concentratidmsD. pulexnormalizedSMAV (1,836
Mg/L) is based on only orsaticrenewal unmeasured toxicity testnducted by Griffitet al.
(2008).
CladoceranCeriodaphnia

Two species o€eriodaphniaC. dubiaandC. reticulatg are used to derive the pH/total
hardness/DO@ormalized GMAYV of7,771ug/L aluminum. TheC. dubiaSMAV of 5,863ug/L
aluminum is calculated from 52 normaliz€@s, values that ranged fro822.4to greater than
88,933ug/L aluminum(ENSR 1992d; European éininumAssociation 2009201Q Fort and
Stover 1995Gensemer et al. 2018; Griffiet al. 2008McCauley et al. 1986; Soucek et al.
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2001). The tests were a mix of static or renewal exposures with either measured or unmeasured
aluminum concentrations. The. reticulatanormalized SMAYV 0f10,299ug/L aluminum is
based on the two flothrough measured test results reported by Shephard (1983).
OstracodStenocypris major

ShuhaimiOthman et al. (20112013 reported a 9ér LCsp of 3,102 pg/L aluminum for
the ostracodS. major which equates to a pH/total hardness/D@@malized
LCso/SMAV/GMAV of 8,000ug/L total aluminum The adult organisms were exposed to static
renewal conditions and the test solutions were measured.
Worm, Naiselinguis

ShuhaimiOthman et al. (2, 2013 reported a 3bir LCsp of 3,874ug/L aluminum for
theworm, Nais elinguiswhich equates to a pH/total hardness/D@fmalized
LCso/SMAV/GMAV of 9,224ug/L total aluminumAdult wormswere exposetb aluminum

sulfae undeistaticrenewal conditions and the test solutions were measured.

Vertebrates
Rainbow troutOncorhynchusnykiss

Eight acutetoxicity tests for theainbow trout Q. mykisywere used to calculate the
pH/total hardness/DO@ormalized SMAV 0f3,312ug/L aluminum reported by Gundersen et
al. (1994). The eight flothrough measuredormalizedLCses ranged fromi,,680to 7,216ug/L
aluminum.
Atlantic salmonSalmo salar

Two acceptable acute values reported by Hamilton and Haines (1995) were used to
calculate the SMAV/GMAV for the Atlantic salmof, salar The sac fry were exposed in static,
unmeasured chambers at a total hardness of 6.8 mg/L (ass)Ca@Qwo different pH levels.
The 96hr LCsp values were 584 and 599 ugital aluminumconducted apH levels of 5.5 and
6.5, respectively. The corresponding pH/total hardness/D@®alized values ai20,749and
3,599and the resulting normalized SMAV/GMAV for tlspecies i8,642ug/L total aluminum
Smallmouth bass\licropterusdolomieu

Threeacceptale acute values from one studggorted in botliKane 1984Kane and
Rabeni 1987are availabléor the smallmouth bask]. dolomieu The 48hr post hatch larva
were exposed in static, measupethcentratiorchambers at a total hardness-t2 mg/L (as
CaCQ0;) and three different pH levels. The §f@alues were 13@reater thai®978.4 andyreater
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than216.8ug/L total aluminumconducted at pH levels of 5.0625and7.5, respectively. The
corresponding pH/total hardness/D@Grmalized values ai&442 greater thar8,655and
greater thai53.4ug/L. TheSMAV/GMAYV of 2,988ug/L for the species/genushsised on the
geometric mean of theormalized LG, of 2,442andgreater thar3,655ug/L total aluminum
since the other valugreater thar153.4 is unboundedi.e., greater than valugndis
considerecafigr eat er tdcwdewvalue( >) | ow

GMAVs for 20 freshwater genera are providedTiable 3, and the four most sensitive
genera were within a factor 8f3of each ther. The freshwater FAV (thé"Percentile of the
genus sensitivity distribution, intended to protect 95 percent afahera for aluminum
normalized to a pH %ptal hardness of 100 mg/L and DOC of 1.0 mg/11,861ug/L, calculated
using the procedes described in thE985GuidelinesThe FAV is an estimate of the
concentration of aluminum corresponding to a cumulative probability of 0.05 in the acute
toxicity values for the genera with which acceptable acute tests have been coritiaigled)(
The FAV is lower than all of the GMAVs fdhetested species. The FAV is then divided by two
for reasons described above (Seetion2.7.2. Based on the above, the FAW®ich is the
freshwater continuous maximum concentration (CMC), for aluminum normalized to aqidl 7,
hardness of 100 mg/L and DOC of 1.0 mg/089 pg/L total aluminum(rounded to two
significant figures) ants expected tde protective of 95% of éshwategenergpotentially
exposed to aluminum under shtetm conditionsKigure 8). However, the freshwater acute
toxicity data are normalized using MLR equations that predict the bioavailability and hence
toxicity of aluminum under different water chemistry conditions. Thus, the value of the criterion
for a given site will depend on the specific gbtal hardness, and DOC concentrations at the site
(seeAppendix K RecomrandedCriteria for Various Water Chemistry Conditiofee additional

criteria values and four most sensitive genera for each set of conditions).
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Table 3. Ranked Freshwater Genus Meam\cute Values at pH 7,Total Hardness of 100

mg/L, and DOC of L0 mg/L.

(Note: Values will be different under differing water chemistry conditions as identified in this document).

GMAV SMAV®
Rank?® (ug/L total Al) | Genus Species (ug/L total Al)
. Snail,
20 119,427 Melanoides Melanoides tuberculata 119,427
Midge,
19 >70,647 Paratanytarsus Paratanytarsus dissimilis >70,647
Shail,
18 41,858 Physa Physa sp. 41,858
. Green sunfish,
17 >31,087 Lepomis Lepomis cyanellus >31,087
N Fatmucket,
16 >29,492 Lampsilis Lamysilis siliquoidea >29,492
Amphipod,
15 >27,766 Hyalella Hyalella azteca >27,766
. Midge,
14 25,216 Chironomus Chironomus plumosus 25,216
. Fathead minnow,
13 >22,095 Pimephales Pimephales promelas >22,095
Rio Grande silvery minnow,
12 >21,779 Hybognathus Hybognathus amarus >21,779
. Brook trout,
11 18,913 Salvelinus Salvelinus fontinalis 18,913
Green tree frog,
10 >18,563 Hyla Hyla cinerea >18,563
Amphipod,
9 12,901 Crangonyx Crangonyx pseudogracilis 12,901
. Worm,
8 9,224 Nais Nais elinguis 9,224
o Guppy,
7 9,061 Poecilia Poecilia reticulata 9,061
Atlantic salmon,
6 8,642 Salmo Salmo salar 8,642
. Ostracod,
5 8,000 Stenocypris Stenocypris major 8,000
Cladoceran
: ’ . 5,863
4 7,771 Ceriodaphnia |-<eriodaphnia dubia
Cladoceran, 10.299
Ceriodaphnia reticulad ’
Rainbow trout,
3 3,312 Oncorhynchus Oncorhynchus mykiss 3,312
. Smallmouth bass,
2 2,988 Micropterus Micropterus dolomieu 2,988
e
1 2,325 Daphnia
Cladoceran, 1.836
Daphnia pulex '

2Ranked from the most ristant to the most sensitive based on Genus Mean Acute Value.

® From Appendix A: Acceptable Acute Toxicity Data of Aluminum to Freshwater Aquatic Animals (all values
normalized to pH 7otal hardness of 100 mg/L as Cag@nd DOC of 10 mg/L).
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Table 4. Freshwater Final Acute Value and Criterion Maximum Concentration

(normalized to pH 7, total hardness of 100 mg/L and DOC of .D mg/L).
(SeeAppendix Kfor acute criteriorunder different water chemistrpaditions).

Calculated Freshwater FAV based on 4 lowest valueSotal Number of GMAVSs in Data Set20

P = cumulative probability
FAV = 1,961ug/L total aluminum

CMC (acute criterion) = 980ug/L total aluminum(roundedto two significant figures)

GMAV
Rank Genus (ug/L) INnGMAV (INGMAV)?  P=R/(n+1) SQRT(P)
4 Ceriodaphnia 7,771 8.96 80.25 0.190 0.436
3 Oncorhynchus 3,312 8.11 65.70 0.143 0.378
2 Micropterus 2,988 8.00 64.04 0.095 0.309
1 Daphnia 2,325 7.75 60.08 0.048 0.218
E (Su 32.82 270.1 0.476 1.34
§°= 31.13 S = slope
L= 6.334 L = X-axis intercept
A= 7.581 A = InFAV
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Figure 8. Ranked Summary of Total Aluminum Genus Mean Acute Values (GMAVSs}
Freshwater at pH 7,Total Hardness of 100 mg/L, and DOC of D mg/L.

3.1.2 Estuarine/Marine
The1985Guidelinesrequire that data from a minimum of eigamiliesare needed to

calculate an estuarine/marine FANotably, ro acceptable test data on fish species were
available(Figure 9). Sincedata are available for onfijve families an estuarine/marine FAV

(and consequentiyre EPA cannot deriven estuarine/maringcute criterioh
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